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Sir: 

DECLARATION UNDER 37 C.F.R. §1.132 



I, Denisa D. Wagner, declare that: 

1. I am a Professor in the Department of Pathology at 
Harvard Medical School, and Senior Investigator at The Center for 
Blood Research, Boston, Massachusetts. My Curriculum Vitae is 
attached as Appendix I. I am an inventor of the above-identif xed 
application. I am highly skilled in the art regarding the 
subject matter to which the above-identified application pertains 
and am aware of the knowledge of the ordinary person skilled in 
the art. 

2. I have examined the Office Action for the parent 
application Serial No. 08/377,798 dated November 13, 1996, for 
the above-identified continuation application. I am familiar 
with the present claims of this application which are directed to 
methods for treating or inhibiting atherosclerosis in a mammal by 
administering an agent which inhibits interaction between 
P-selectin and a ligand P-selectin and between E-selectin and a 
ligand of E-selectin. 

3. I am familiar with the prior art cited by the Examiner: 
Kogan et al., Rao et al., Seekamp et al., Ross, Rohrer et al. and 
DeAitibrosi . 
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4. Based on my background, training and experience in this 
field, it is my opinion that it is not inherent that every agent 
which inhibits interaction between P-selectin and a P-selectin 
ligand also inhibits interaction between E-selectin and an E- 
selectin ligand. It was known in the art at the time that the 
parent application was filed, that in fact there are agents which 
inhibit P-selectin but not E-selectin, and agents which inhibit 
E-selectin but not P-selectin. See , e.g. , attached Exhibit A: 
Cecconi et al., J • Biol. Chem. 269:15060-15066 ( 1994 )( describes 
agent which inhibits P-selectin but not E-selectin), and Exhibit 
B: Lenter et al., J. Cell Biol. 125:471-481 ( 1994 )( describes 
ligands which bind to P-selectin but not to E-selectin and other 
ligands which bind to E-selectin but not to P-selectin). 

5. Based on my background, training and experience in this 
field, it is my opinion that it was not obvious at the time that 
the parent application was filed for one skilled in the art to 
select agents which inhibit both P-selectin and E-selectin for 
enhanced effectiveness in treating atherosclerosis. It was not 
known in the art at that time that both E- a nd P-selectin are 
involved in cardiovascular disease and chronic inflammation. 

6. Based on my background, training and experience in this 
field, it is my opinion that an important distinction exists 
between "acute inflammation" and "chronic inflammation." See, 
e.g. , attached Exhibit C: Robbins, in "Pathologic Basis of 
Disease," 5th Ed., R.S. Cotran, M.D., V. Kumar, M.D. and S.L. 
Robbins, M.D., W.B. Saunders Co., Philadelphia, PA, pp. 51-76 
(1994). "Acute inflammation" is of relatively short duration and 
is involved in processes such as wound repair, infection and 
reperfusion injury. It involves mainly recruitment of 
neutrophils. "Chronic inflammation," on the other hand, is of 
longer duration and is associated predominantly with the 
recruitment of monocytes and T-cells. As is known to one skilled 
in the art, atherosclerosis is a special example of chronic 
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inf lamination. This specificity of recruitment, combined with 
smooth muscle cell proliferation and dependence on cholesterol 
ingestion by the monocytes/macrophages , makes atherosclerosis a 
unique process. At the time that the parent application was 
filed, there were no known adhesion receptors that were specific 
for recruitment of monocytes and T-cells. 

7. Based on my background, training and experience in this 
field, it is my opinion that it was known to one skilled in the 
art at the time that the parent application was filed, that 
P-selectin was a receptor that mediated rolling of many types of 
white blood cells, was rapidly expressed on activated cells, and 
was stored in preformed granules that could be rapidly released 
from these cells. Moreover, as was known by one skilled in the 
art at the time, P-selectin was involved in early recruitment of 
neutrophils in experimentally-induced inflammation. See attached 
Exhibit D: Mayadas et al., Cell 74:541-554 ( 1993 ) (recruitment of 
neutrophils was delayed in P-selectin-def icient mice for two 
hours and then occurred at a rate identical to wild-type mice). 
Similarly, delay in the recruitment of neutrophils in wound 
healing has been reported to occur only in the first two hours in 
P-selectin-def icient mice after injury. See attached Exhibit E: 
Subramaniam et al., Am. J. Pathology 150:1701-1709 (1997). And, 
recruitment of macrophages three to seven days post wounding has 
been reported to be normal in P-selectin-def icient mice, with 
wound healing occurring at the same rate as in wild-type mice. 
See attached Exhibit E: Subramaniam et al., Am. J. Pathology 
150:1701-1709 (1997). It is my opinion that to a person skilled 
in the art, these results indicate that P-selectin plays a role 
in acute inflammation and injury, but not in chronic processes 
such as atherosclerosis. 

8. Based on my background, training and experience in this 
field, to the best of my knowledge the first published indication 
that P-selectin plays a role in long-term chronic inflammation 
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came in 1995, after the filing date of the parent application. 
See attached Exhibit J: Johnson et al., Blood 86:1106-1114 (1995) 
which showed reduced macrophage recruitment 48 hours after 
induction of experimental inflammation. See also attached 
Exhibit F: Subramaniam et al., J. Exp. Med. 181:2277-2282 (1995). 
This paper reported that recruitment of inflammatory cells, 
including CD4 + T cells, in a contact hypersensitivity response, 
was reduced in P-selectin-def icient mice. This result was a big 
surprise to those skilled in the art. 

9. Based on my background, training and experience in this 
field, to the best of my knowledge it was not until 1997, after 
the filing date of the parent application, that the first 
published report appeared demonstrating a role for any adhesion 
receptor molecule, and specifically for P-selectin, in 
atherosclerosis . See attached Exhibit G: Johnson et al., J. 
Clin, invest. 99:1037-1043 (1997). 

10. Based on my background, training and experience in this 
field, it is my opinion that a role for P-selectin in chronic 
inflammation such as atherosclerosis was contrary to the state of 
knowledge of those skilled in the art at the time that the parent 
application was filed, and was certainly not "obvious" to those 
skilled in the art. 

11. Based on my background, training and experience in this 
field, it is my opinion that a role for E-selectin in chronic 
inflammation such as atherosclerosis was not experimentally 
supported at the time that the parent application was filed, 
indeed, even as of the instant date, no defects in any 
inflammatory or wound healing models have been reported for 
E-selectin-deficient mice unless antibodies inhibitory of 
P-selectin are also used. See attached Exhibit K: Labow et al., 
immunity 1:700-720 ( 1994 ) (published after the filing date of the 
parent application). 
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12. Based on my background, training and experience in this 
field, to the best of my knowledge, it was not until 1996, after 
the filing of the parent application, that it was reported, by 
myself and others, that major defects existed in P- and E- 
selectin double deficient mice. See attached Exhibit H: 
Frenette et al., Cell 84:563-574 (1996), and attached Exhibit I: 
Bullard et al., J. Exp. Med. 183:2329-2336 (1996). These papers 
showed conclusively for t.h R first time that the two endothelial 
selectins, P and E together, are crucial for leukocyte 
recruitment to sites of inflammation. Prior to these papers, 
these selectins were known to be involved in leukocyte rolling 
(with minor or no consequences on leukocyte recruitment ) (see 
attached Exhibit D: Mayadas et al., Cell 74:541-554 (1993)), and 
it is my opinion that it was believed by persons skilled in the 
art that it was the adhesion molecules responsible for leukocyte 
firm adhesion to endothelium (belonging to the immunoglobulin and 
integrin family of receptors), that were crucial for the final 
transmigration of leukocytes to sites of inflammation in the 
tissues . 

13. Based on my background, training and experience in this 
field, it is my opinion that a role for E-selectin in 
atherosclerosis had not been shown at the time that the parent 
application was filed. 

14. Attached hereto as Exhibit L are five figures 
illustrating the results of experiments performed in my 
laboratory which support the sur prising an d unex pected results 
obtained from mice being deficient in both P-selectin and E- 
selectin, as opposed to being deficient just for P-selectin, in 
inhibiting atherosclerotic lesions on arterial walls. 
Experimental protocols were performed as described in Exhibit G: 
Johnson et al., J. Clin. Invest. 99:1037-1043 (1997). Fig. 1 
illustrates that the size of aortic sinus lesions in LDL-receptor 
(LDLR)-deficient mice on an atherogenic (high cholesterol and 
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fat) diet is significantly smaller in P- and E-selectin double 
deficient mice than in wild-type or just p-selectin-def icient 
mice. Fig. 2 consists of photographs of entire aortae of LDLR- 
def icient mice on an atherogenic diet, and illustrates that the 
percentage area of the aortae that have atherosclerotic lesions 
is significantly smaller in P- and E-selectin double deficient 
mice than in wild- type mice. Fig. 3 illustrates that there are 
significantly smaller aortic sinus lesions in LDLR-def icient mice 
on an atherogenic diet in P- and E-selectin double deficient mice 
than in wild-type or just P-selecin-def icient mice. Fig. 4 
illustrates that the size of atherosclerotic lesions in the 
aortic sinus of LDLR-def icient mice, as a function of the length 
of time on an atherogenic diet, is significantly smaller for up 
to at least 37 weeks, in P- and E-selectin double deficient mice 
than in wild- type or just P-selectin-def icient mice. Fig. 5 
illustrates that the percentage of mice with calcification in the 
aortic sinus of LDLR-def icient mice on an atherogenic diet, is 
significantly less in P- and E-selectin double deficient mice 
than in wild type mice. 

15. Based on my knowledge, training and experience in this 
field, it is my opinion that no combination of the cited prior 
art teaches or suggests a method for treating or inhibiting 
atherosclerosis by providing an agent for inhibiting interaction 
between P-selectin and a ligand of P-selectin and between E- 
selectin and a ligand of E-selectin. Nor does any combination of 
the cited prior art suggest the advantages that are present in 
applicants' invention. 

I further declare that statements made herein of my own 
knowledge are true and that all statements made on information 
and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or 
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imprisonment, or both, under §1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize 
the validity of the above-identified application or any patent 
issuing thereon. 

oate= ic/z/ri ~^ z5<.^, 21- . /(U^u ^ 

DENISA D. WAGNER, Ph.D. 

392638 1.WP6 
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CURRICULUM YITAE 
DENISA D. WAGNER, Ph.D. 



ADDRESS: 



BORN: 



The Center for Blood Research 
Harvard Medical School 
800 Huntington Avenue 
Boston, MA 021 15 
Phone: (617)278-3344 
FAX: (617)278-3368 



Prague, Czechoslovakia - December 30, 1950; U.S. Citizen 



EDUCATION: Universite de Geneve, Switzerland - Biochemistry 
Diploma of Biochemistry, 1975, with distinction 

Massachusetts Institute of Technology, Cambridge, MA 
Biology - Ph.D., 1980 



FACULTY POSITIONS: 

Professor of Pathology , Harvard Medical School, Boston, MA. 
1997-present. 

Associate Professor of Pathology . Harvard Medical School, Boston, MA. 
1994-1997. 

Senior Investigator . The Center for Blood Research, Boston, MA. 
1994-present. 

Associate Professor of Anatomy »nH Cellular Biology. Tufts University 
School of Medicine, Boston, MA. 1989-1994. 

Associate Professor of Medicine . Tufts University School of Medicine and 
Member. Special and Scientific Staff . New England Medical Center, 
Boston, MA. 1987-1994. 

Assistant Professor of Biophysics . University of Rochester School of 
Medicine and Dentistry, Rochester, New York. 1985-1987. 

Assistant Professor of Medicine . University of Rochester School of 
Medicine and Dentistry, Rochester, New York. 1982-1987. 

Senior Instructor in Medicine . University of Rochester School of Medicine 
and Dentistry, Rochester, New York. 1981-1982. 

AWARDS: Established Investigator Award, American Heart Association, Biosynthesis 
von Willebrand protein by endothelial cells. 1 986- 1 99 1 . 



Xlth ISTH Congress award in recognition of an outstanding communication, 




MEMBERSHIPS, OFFICES, AND COMMITTEE ASSIGNMENTS IN PROFESSIONAL 
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EDITORIAL BOARDS: 



1980-Present 
1982-Present 

1982- Present 
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1985-Present 
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1992- Present 
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1994- 1996 

1994-Present 

1994- Present 

1995- 1998 

1997-Present 



1993- Present 

1994- Present 



American Society for Cell Biology 

American Society of Hematology 

international Society of Thrombosis and Haemostasis 

Council on Thrombosis, American Heart Association 

International Society of Thrombosis and Haemostasis, 

subcommittee on von Willebrand factor 

American Heart Association, Vascular Wall Biology Study 

STnemt Association, Council on Thrombosis Executive 

Committee _ , t 

American Heart Association, Council on Thrombosis Long- 
Range Planning Committee . 
American Heart Association, Council on Thrombosis 
Membership Committee (Chairman) 
American Association for the Advancement of Science 
North American Vascular Biology Organization 
American Society of Hematology, Scientific Subcommittee on 

Thrombosis . . _ r 

North American Vascular Biology Organization, Councilor 

Molecular Biology of the Cell 
Journal of Clinical Investigation 
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DENISA D. WAGNER, Ph.D. 
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Hynes RO, Mi IU. Destree AT, Mautner V, Perk.ns ME, ^ D ^^° " ^ 

glycoprotein lost from the surfaces of transformed cells. Ann NY Acad Sc. H2-3 17 342, 

Wagner DD and Hynes RO. Domain structure of fibronectin and its relation to function (disulfides and 
sulfhydryl groups). J Biol Chem 254:6746-6754, 1979. 

Hynes RO, Destree AT, Perkins ME and Wagner DD. Cell surface fibronectin and oncogenic 
transformation. J Supramolecular Str 11:95-104, 1979. 

Wagner DD and Hynes RO. Topological arrangement of the major structural features of fibronectin. J 
Biol Chem 251:4304-43 12, 1980. 

Wagner DD, Ivatt R, Destree AT and Hynes RO. S^^^." 1 flbr ° neCtinS * 

normal and transformed hamster cells. J Biol Chem 21& 708- 11715, 1981. 

Wagner DD and Hynes RO. Fibronectin coated beads are endocytosed by cells and align with 
microfilament bundles. Exp Cell Res 140:373-381, 1982. 

Van De Water L III Wagner DD, Crenshaw EB III and Hynes RO. Fibronectin-dependent endocytosis by 

and fibroblastic (NIL 8) cells. In: Cellular Recognition. Glaser L, Frazier W 
and Gottlieb D (Eds.). New York: Alan R. Liss, 869-878, 1982. 

Hynes RO, Destree AT and Wagner DD. Relationships b*™^ ^ 
and fibronectin. Cold Spring Harbor Symposia on Quant.tative Biology 46,659-669, 1982. 

Wagner DD, Olmsted JB and Marder VJ. Immunolocali^tion of von Willebrand protein in 
Weibel-Palade bodies of human endothelial cells. J Cell Biol 95:355-360, 1982. 

Wagner DD and Marder VJ. Biosynthesis of von ^^^^^^^ 
identification of a large precursor polypeptide cha.n. J Biol Chem 258.2065-2067, 1983. 

Wagner DD, Urban-Pickering M and Marder VJ. von Willebrand protein binds to extracellular matrices 
independently of collagen. PNAS 8J.:471-475. 1984. 

Spom LA, Rubin P, Marder VJ and Wagner DD. Irradiation induces release of von Willebrand protein 
from endothelial cells in culture. Blood 64:567-570, 1984. 

Wagner DD and Marder VJ. Biosynthesis of von Wiltebnmd ^ W™^*** 

processing steps and their intracellular localization. J Cell B.ol 99:2123-2130, 1984. 

Spom LA, Chavin SI, Marder VJ and Wagner DD. Biosynthesis of von Willebrand protein by human 
megakaryocytes. J Clin Invest 76:1102-1106,1985. 

Wagner DD, Mayadas T, Urban-Pickering M, Lewis BH and Marder VJ. Inhibition of disulfide bonding 

von wmebrarK [protein by monensin results in small, functionally defecfve mu.tuners. J Cell Biol 
101:112-120, 1985. 
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16 Fay PJ Kawai Y, Wagner DD, Ginsberg D, Bonthron D, Ohlsson-Wilhelm BM, Chavin SI Abraham GN, 
Handin RI, Orkin SH, Montgomery RR and Marder VJ. Polypeptide of von Willebrand factor 
circulates in blood and is identical to von Willebrand antigen II. Science 222:995-998, 1986. 

17. Sporn LA, Marder VJ and Wagner DD. Inducible secretion of large biologically potent von Willebrand 
factor multimers. Cell 46:185-190, 1986. 

1 8 Wagner DD, Mayadas T and Marder VJ. Initial glycosylation and acidic pH in the Golgi apparatus are 
required for multimerization of von Willebrand factor. J Cell Biol 102:1320-1324, 1986. 

1 9 Wagner DD, Lawrence SO, Ohlsson-Wilhelm BM, Fay PJ and Marder VJ. Topology and order of 
formation of interchain disulfide bonds in von Willebrand factor. Blood 69:27-32, 1987. 

20. Wagner DD, Fay PJ, Sporn LA, Sinha S, Lawrence SO and Marder VJ. Divergent fates of von WUkbiand 
factor and its polypeptide (von Willebrand antigen II) after secretion from endothelial cells. PNAS 
84:1955-1959, 1987. 

21. Spom LA, Marder VJ and Wagner DD. von Willebrand factor released from Weibel-Palade bodies binds 
more avidly to extracellular matrix than that secreted constitutively. Blood £9: 1 53 1 - 1 534, 198/. 

22 Sinha S and Wagner DD. Intact microtubules are necessary for complete processing, storage and 

regulated secretion of von Willebrand factor by endothelial cells. Eur J Cell Biol 42:377-383, 1987. 

23. Ribes JA, Francis CW and Wagner DD. Fibrin induces release of von Willebrand factor from endothelial 
cells. J Clin Invest 79:1 17-123, 1987. 

24 Mayadas TO, Wagner DD and Simpson PJ. von Willebrand factor biosynthesis and partitioning between 
constitutive and regulated pathways of secretion after thrombin stimulation. Blood 73:706-711, 19KV. 

25 Handin RI and Wagner DD. von Willebrand factor: molecular and cellular biology. In: Progress in 
Hemostasis and Thrombosis (vol. 9). Coller B (Ed.). Philadelphia: W B Saunders, 233-259, 1989. 

26. Roarke MC, Wagner DD, Marder VJ and Sporn LA. Temperature-sensitive steps in the secretory pathway 
for von Willebrand factor in endothelial cells. Eur J Cell Biol 4£:337-343, 1989. 

27. Sporn LA, Marder V J and Wagner DD. Differing polarity of the constitutive and regulated secretory 
pathways for von Willebrand factor in endothelial cells. J Cell Biol 1M- 1283- 1289, 1989. 

28. Bonfanti R, Furie BC, Furie B and Wagner DD. PADGEM (GMP-140) is a component of Weibel-Palade 
bodies of human endothelial cells. Blood 73:1 109-1 1 12, 1989. 

29 Avissar N, Whitin JC, Allen PZ, Wagner DD, Liegey P and Cohen HJ. Plasma selenium dependent 
glutathione peroxidase: cell of origin and secretion. J Biol Chem 264:15850-15855, 1989. 

30 Ribes J, Ni F, Wagner DD and Francis CW. Mediation of fibrin-induced release of von Willebrand factor 
from cultured endothelial cells by the fibrin p chain. J Clin Invest 1989, 84:435-442, 1989. 

3 1 Mayadas TN and Wagner DD. In vitro multimerization of von Willebrand factor is triggered by low pH: 
importance of the propolypeptide and free sulfhydryls. J Biol Chem 264:13497-13503, 1989. 
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32 Larsen E, Celi A, Gilbert GE, Furie BC, Erban JK, Bonfanti R, Wagner DD and Furie B. PADGEM 
protein: a receptor that mediates the interaction of activated platelets with neutrophils and monocytes. 
Cell 52:305-3 12, 1989. 

33. Wagner DD. Storage and secretion of von Willebrand factor. In: Role of Factor VIII and von Willebrand 
Factor. Zimmerman TS and Ruggeri ZM. (Eds.). New York: Marcel Dekker, 161-180, 1989. 

34. Larsen E, Palabrica T, Sajer S, Gilbert GE, Wagner DD, Furie BC and Furie B. PADGEM-dependent 
adhesion of activated platelets to monocytes and neutrophils is mediated by a lineage-specific 
carbohydrate, lacto-N-fucopentaose HI (CD1 5). Cell 61:467-474, 1990. 

35. Wagner DD. Cell biology of von Willebrand factor. ]n: Annual Review of Cell Biology. Palade GE, 
Alberts BM and Spudich JS. (Eds). 6:217-246, 1990. 

36. Peters JH, Spom LA, Ginsberg MH and Wagner DD. Human endothelial cells synthesize, process, and 
secrete fibronectin molecules bearing an alternatively spliced type III homology (EDI). Blood 
75:1801-1808, 1990. 

37. Mayadas TN and Wagner DD. von Willebrand factor biosynthesis and processing. In: Ann NY Acad Sci, 
614:153-166, 1991. 

38. Furie B, Celi A, Palabrica TM, Larsen E, Wagner DD and Furie, BC. PADGEM a Leukocyte Receptor on 
Activated Platelets: Biology and application to in vivo medical diagnostics. In: Biotechnology of Plasma 
Proteins: Haemostasis, Thrombosis and Iron Proteins. (Albertini A, Lenfant CL, Mannucci PM, and Sixma 
JJ. (Eds). Basel: Karger, 32-36,1991. 

39. Wagner DD and Bonfanti R. von Willebrand factor and the endothelium. Mayo Clinic Proceedings 
66:621-627, 1991. 

40. Bevilacqua E, Butcher B, Furie B, Furie B, Gallatin M, Gibrone M, Harlan J, Kishimoto K, Lasky L, 
McEver R, Paulson J, Rosen S, Seed B, Springer T, Stoolman L, Tedder T, Varki A, Wagner DD, 
Weissman I and Zimmerman G. Letter to the Editor. Selectins: A family of adhesion receptors. Cell 
67:233, 1991. 

41. Wagner DD. Structure and biology of von Willebrand factor. In: Hematology: Basic Principles and 
Practices. Benz EJ, Cohen HJ, Furie B, Hoffman R and Shattil SJ. (Eds.). New York: Churchill 
Livingstone, 1354-1358, 1991. 

42. Wagner DD, Saffaripour S, Bonfanti R, Sadler JE, Cramer EM, Chapman B and Mayadas TN. Induction 
of specific storage organelles by von Willebrand factor propolypeptide. Cell 64:403-413, 1991. 

43. Erban JK and Wagner DD. A 1 30 kDa protein on endothelial cells binds to amino acids 1 5-42 of the Bp" 
chain of fibrinogen. J Biol Chem 267:2451-2458, 1992. 

44. Mayadas TN and Wagner DD. Vicinal cysteines in the prosequence play a role in von Willebrand factor 
multimer assembly. PNAS 89:3531-3535, 1992. 

45. Larsen GR, Sako D, Ahern TJ, Shaffer M, Erban JK, Sajer SA, Gibson RM, Wagner DD, Furie BC and 
Furie B. P-Selectin and E-Selectin: Distinct but overlapping leukocyte ligand specificities. J Biol Chem 
267:11104-11110, 1992. 
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46. Koedam JA, Cramer EM, Briend E, Furie B, Furie BC and Wagner DD. P-selectin, a granule membrane 
protein of platelets and endothelial cells, follows the regulated secretory pathway in AtT-20 cells. J Cell 
Biol 116:617-625,1992. 

47. Stone JP and Wagner DD. P-selectin mediates adhesion of platelets to neuroblastoma and small cell lung 
cancer. J Clin Invest 92:804-813, 1993. 

48. Vischer UM and Wagner DD. CD63 is a component of Weibel-Palade bodies of human endothelial cells. 
Blood 22:1 184-1 191, 1993. 

49. Subramaniam M, Koedam JA and Wagner DD. Divergent fates of P- and E-selectins after their 
expression on the plasma membrane. Molec Biol of the Cell 4:791-80 1 , 1993. 

50. Journet AM, Saffaripour S and Wagner DD. Requirement for both D domains of the propolypeptide in 
von Willebrand factor multimerization and storage. Thrombosis and Haemostasis 70:1053-1057,1993. 

5 1 . Mayadas TN, Johnson RC, Rayburn H, Hynes RO and Wagner DD. Leukocyte rolling and extravasation 
are severely compromised in P-selectin-deficient mice. Cell 74:541-554, 1993. 

52. Wagner DD. Weibel-Palade body: The storage granule for von Willebrand factor and P-selectin. State of 
the Art book, Thrombosis and Haemostasis 70:105-1 10, 1993. 

53. Journet AM, Saffaripour S, Cramer EM, Tenza D, and Wagner DD. von Willebrand factor storage 
requires intact prosequence cleavage site. Eur J Cell Biol 60:31-41, 1993. 

54. Vischer UM and Wagner DD. von Willebrand factor proteolytic processing and multimerization precede 
the formation of Weibel-Palade bodies. Blood 83:3536-3544, 1994. 

55. Wagner DD and Hynes RO. Gene targeting of adhesion molecules in the vasculature. Series: Molecular 
genetics and gene therapy of cardiovascular diseases. Mockrin SC (Ed.) New York: Marcel Dekker, pp., 
403-425, 1995. 

56. Stone JP and Wagner DD. P-selectin-deficient mice: A model to study inflammation and metastasis. In: 
Series: Topics in Molecular Medicine Vol 1. Siess W, Lorenz R and Weber PC. (Eds.). New York: Raven 
Press, pp 105-116, 1995. 

57. Wagner DD. P-selectin knock-out: a mouse model for various human diseases. In: Cell adhesion and 
human disease. Ciba Foundation Symposium 189. Marsh J and Goode J (Eds). Chichester: John Wiley & 
Sons, pp. 2-16, 1995. 

58. Wagner DD and Ginsburg D. Structure, biology and genetics of von Willebrand factor, in: Hematology: 
Basic Principles and Practices. 2nd Edition. Benz EJ, Cohen HJ, Furie B, Hoffman R and Shattil SJ. 
(Eds.). New York: Churchill Livingstone, H2: 171 7-1725, 1995. 

59. Johnson RC, Mayadas TN, Frenette PS, Mebius RE, Subramaniam M, Lacasce A, Hynes RO and Wagner 
DD. Blood cell dynamics in P-selectin-deflcient mice. Blood 8^:1 106-1 1 14, 1995. 

60. Subramaniam M, Saffaripour S, Watson SR, Mayadas TN, Hynes RO and Wagner DD. Reduced 
recruitment of inflammatory cells in a contact hypersensitivity response in P-selectin-deficient mice. J Exp 
Med 181:2277-2282, 1995. 

61. Wagner, DD. P-selectin chases a butterfly. Editorial. J Clin Invest 95:1955-1956, 1995. 
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62. Frenette PS, Johnson RC, Hynes RO and Wagner DD. Platelets roll on stimulated endothelium in vivo: An 
interaction mediated by endothelial P-selectin. PNAS 92:7450-7454, 1995. 

63. Yamada S, Mayadas TN, Yuan F, Wagner DD, Hynes RO, Melder RJ and Jain RK. Rolling in P-selectin 
deficient mice is reduced but not eliminated in the dorsal skin. Blood fi£:3487-3492, 1995. 

64. Pinsky DJ, Naka Y, Liao H, Oz MC, Wagner DD, Mayadas TN, Johnson RC, Hynes RO, Heath M, 
Lawson CA and Stern DM. Hypoxia-induced exocytosis of endothelial cell Weibel-Palade bodies: A 
mechanism for rapid neutrophil recruitment following cardiac preservation. J Clin Invest .97:493-500, 
1996. 

65. Mayadas TN, Mendrick DL, Brady HR, Tang T, Papayianni A, Assmann KJM, Wagner DD, Hynes RO 
and Cotran RS. Acute passive anti-glomerular basement membrane nephritis in P-selectin-deficient mice: 
Increased neutrophil influx and proteinuria and decreased lipoxin A 4 generation. Kidney International 
49:1342-1349,1996. 

66. Subramaniam M, Frenette PS, Saffaripour S, Johnson RC, Hynes RO and Wagner DD. Defects in 
hemostasis in P-selectin-deficient mice. Blood 87:1238-1242, 1996. 

67. Frenette PS, Mayadas TN, Rayburn H, Hynes RO and Wagner DD. Susceptibility to infection and altered 
hematopoiesis in mice deficient in both P-and E-selectins. Cell 84-563-574, 1996. 

68. Tang T, Frenette PS, Hynes RO, Wagner DD and Mayadas TN. Cytokine-induced meningitis is 
dramatically attenuated in mice deficient in endothelial selectins. J Clin Invest 97:2485-2490, 1996. 
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Selectins are cell adhesion molecules known to sup- 
port the initial attachment of leukocytes to inflamed 
vascular endothelium through their recognition of car- 
bohydrate ligands such as the tetrasaccharide sialyl 
Lewis* <Neu5Aco£2-3Gaipi-4(Fucai-3)GlcNAc.). In the 
present study, we describe the inhibition of L- and P- 
selectin function by inositol polyanions, simple 6-carbon 
ring structures that have multiple ester-linked phos- 
phate or sulfate groups. In a purified component com- 
petition assay, biuding of L- and P-selectin-Ig fusion pro- 
teins to immobilized bovine serum aibumin-sialyl Lewis 1 
neoglycoprotein was inhibited by inositol hexakisphos- 
phate UnsP,, IC M = 2.1 ± 1.4 um and 160 ± 40 um), by 
inositol pentakisphosphate (InsP s , IC* » 1.4 * 0.2 and 260 
* 40 um), and by inositol hexakissulfate (InsS,, IC M * 210 
i 80 um and 2.8 ± 0.9 mM); E-selectin-Ig binding was un- 
affected. Inositol polyanions diminished the adhesion of 
LS180 colon carcinoma ceUs to plates coated with L- and 
P-selectin-Ig but not with E-selectin-Ig. Inositol polyan- 
ions blocked polymorphonuclear leukocyte (PMN) adhe- 
sion to COS cells expressing recombinant transmem- 
brane P-selectin but not to those expressing E selectin. 
In addition, inositol polyanions diminished PMN adhe- 
sion to activated endothelial ceils under rotation-in- 
duced shear stress, a process known to require L-selec- 
tin function. In vivo, the effects of inositol polyanions 
were studied in two murine models of acute inflamma- 
tion. Intravenously administered InsP« (two doses of 40 
umol/kg) inhibited PMN accumulation in thioglycolate- 
induced inflammation (55 z 10% inhibition) and in zymo- 
san-induced inflammation (61 ± 4% inhibition). InsP s 
and InsS, also inhibited inflammation in these models! 
a though higher doses were required for InsS r In con- 
elusion, inositol polyanions are noncarbohydrate small 
molecules that inhibit L- and P-selectin function in vitro 
and inflammation in vivo. 



Selectins are transmembrane glycoproteins containing an N- 
termmal lectin domain, an epidermal growth factor repeat, and 
a discrete number of complement regulatory-like repeats (re- 
viewed in Ref. 1). E-selectin is synthesized and expressed by 
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cytokine- and endotoxin-activated endothelial cells with peak 
expression c>ccurring at 4 h. P-selectin is stored in granules of 
platelets and endothelial cells and can be rapidly redistributed 
to the cell surface following activation by certain mediators 
including thrombin. The third family member, L-selectin, is 
constitutively expressed by neutrophils, monocytes, and most 
lymphocytes and participates in the regulation of leukocyte 
rolling and lymphocyte homing; a substantial portion of cell 
surface-expressed L-selectin is shed upon cellular activation. 

P-, and L-selectin bind sLe u and related oligosaccharides 
(1); however, recent studies suggest differences in binding 
specificities and affinities (2-6). Other studies have highlighted 
the importance of specific proteins in the presentation of car- 
bohydrate ligands (7-13). 

Soluble oligosaccharides related to sLe* and sLe* 
(Neu5Aca2-3Gal01-3(Fucal^)GlcNAc-> can inhibit adhesive 
functions of selectins (6, 14 f 15) and have anti-inflammatory 
activity in rodent models of P- and E-selectin-de pendent in- 
flammation (16-18). Three observations prompted us to look 
for other classes of selectin inhibitors. First, sLe* and sLe J 
appear to interact relatively weakly with L- and P-selectin. For 
example, sLe 1 concentrations in excess of 5 mM are required to 
block 50% of L-selectin-dependent interactions in vitro (2, 19). 
Second, the complex structures of these oligosaccharides pose 
significant obstacles for large-scale synthesis. Third, previous 
studies have shown that a variety of phosphate- or sulfate- 
containing carbohydrates can interact with L- and P-selectin 
(6, 20-29). For example. PPME, the polyphosphoraonoester 
core of Hansenula holstii O-phosphonomannan (30), is a 
blocker of L-selectin-dependent adhesion (20, 25, 26). High con- 
centrations (5-10 mM) of monophosphated monosaccharides 
can also block L- and P-selectin-dependent adhesion in vitro 
(20, 23, 26, 27). In addition, two highly sulfated macromol- 
ecules, fucoidan, a polysaccharide produced by brown algae, 
and heparin, a glycosaminoglycan produced by mast cells," in- 
teract with both L- and P-selectin in vitro (6, 21, 22, 28. 29) and 



The abbreviations used are: sLe\ sialyl Lewis it; §Le\ sialyl Lewis a; 
InsPg, D/Tiyo-inositol 1,2,3,4,5,6-hexakisphosphate; InsS s , D-mvo- 
mositol 1.2,3,4,5.6-hexakissuifate; InsP v o-mvo-inoaitol 1,3,4 5 6- 
pentakisphoaphate; Ins(l,4.5)P 3 . o-myo-inositol 1,4,5-trisphosphate; 
Ins(3,5,6)P 3f D-myo-inositol 3,5,6-trisphosphate (equivalent to t-Ins 
( .V 4 f )P,): GroPIn *«5>Pn l-(a-glycerophosphor-o-m>o-inositol 4,5- 
bisphoaphate; OroPIns, l^Q-glycerophospho^o-myo-inositol; lnsP„ o- 
myo-inositol 1 -monophosphate; Glc(2,3,4.6)P v D-glucote 2,3,4,6-Ut- 
raiuaphosphate: mAb, monoclonal antibody; DPBS, Dulbecco'e 
phosphate-buffered saline (containing Ca a * and Mg**fc BSA, bovine se- 
rum albumin: BSA-cLe 1 . bovine serum albumin conjugated to sLe": 
PMN. polymorphonuclear leukocytes: EUSA. enryme-linked immu- 
nosorbent assay; FBS. fetal bovine serum: HUVEC. human umbilical 
vein endothelial cells: HSA. human serum albumin: BAL. bronchoal- 
veolar lavage; PBS. phosphate-buffered saline. 
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inhibit leukocyte rolling (31-33) and inflammation in vivo (29). 
Together, these observations suggested the possibility that 
multiple phosphate or sulfate groups can contribute to the for- 
mation of ligands for at least two of the selectins. In the present 
study, we attempt to better define selectin interactions with 
polyphosphated or polysulfated structures. We focused on ino- 
sitol polyanions, simple 6-carbon ring structures derived from 
D-myo-inositol (i,2,3,5-trans-4,6 cyclohexanehexol) by esterifi- 
cation with phosphate or sulfate groups (Fig. 1). The effects of 
inositol polyanions on selectin function were examined using a 
direct binding assay (competition ELISA), as well as several 
assays measuring selectin-dependent cell adhesion. Finally, 
inositol polyanions were tested in vivo in two mouse models of 
peritoneal inflammation and in a rat model of lung inflamma- 
tion. 

MATERIALS AND METHODS 

Chemicals — InsP« (dodecasodium salt), InsS, (hexa potassium salt), 
Ins(l,4,5)P 3 (potassium salt), inositol 1 -monophosphate (cyclohexylam- 
rnonium salt), myo-inositol, 2,3-bisphosphoglycerate (penta sodium 
salt), pentaaodium tri polyphosphate hexahydrate (NajPjO,,,), and tri- 
sodium trimetaphosphate (Na a P 3 0») were from Sigma. InsP, was also 
purchased from Calbiochem (La Jolla, CA). as were InsP s (decasodium 
salt), GroPIns(4,5)P, (trilithium salt), Ins(3,5.6)Pj (trilithium salt), and 
GroPIns (lithium salt). D-glucose 2.3,4,6-tetrakisphospfaate was synthe- 
sized starting from a-o-glucose, which was converted to the benzyl 
a-o-glucopyranoside. Polyphosphitylation with dibenzyl fttf-rfiethyl 
phosphorous amidite and tetrazole (34) followed by in titu oxidation 
with peraceiic acid gave the fully protected benzyl a-o-glucopyranoside 
2,3,4,6-tetrakis (dibenzyl) phosphate in good yield (73%). Benzyl pro- 
tecting groups were quantitatively removed by catalytic hydrogenation 
with H a on Pd/C (10%) to give pure D-glucose 2,3,4,&-tetralrisphosphate 
as the free acid. All products gave satisfactory *H NMR, "P NMR, and 
fast atom bombardment mass spectra. 

Stock solutions to be used for animal experiments were freshly pre- 
pared in sterile pyrogen-free 0.9% NaCl < saline; Abbott Laboratories. 
North Chicago, ID, adjusted to pH 7.4 with HC1. and iterilized by 
0.22-um filtration. Endotoxin content was tested using a quantitative 
chromogenic limulus amebocyte lysate assay ( LAL, Whittalcer Byprod- 
ucts, Inc., WalkersviUe, MD). 

Proteins and Antibodies — Selectin- immunoglobulin fusion proteins 
< selectin-Ig) are recombinant chimeric molecules containing the lectin 
domain, epidermal growth factor repeat, and one (L-selectin-Igj, two 
< P-selectin-Ig;, or six (E-selectin-lg) complement regulatory repeats 
coupled to the hinge, CH2, and CH3 regions of human IgGl (3, 6, 
35-37). Seiectin-Ig cDNAs in pCDM7 and pNUT vectors allowed tran- 
sient expression in COS-1 cells (38) and stable expression in baby ham- 
ster kidney cells (39), respectively. Selectm-Igs were affinity-purified 
from culture media using protein A-agarose (Pierce Chemical Co.] or 
protein G-Sepharose (Pharmacia LKB Biotechnology Inc.) (38). BSA- 
sLe* was kindly provided by Chembiomed, LTD (Edmonton, Alberta, 
Canada). Horseradish peroxidase-conjugated goat anti-human IgO (Fc- 
specific) antibody was from Jackson Immunore search Laboratories, inc. 
fWest Grove, PA). Fluorescein-conjugated anti-human IgG antibody 
was from Cappel (Durham, NO. BSAtPentex Fraction V, protease-free) 
was from Miles. Inc. iKankaxee, iL). Anti-E-seiecun mAb H18/T i pro- 
tein A-purified antibody) was generated by immunization of mice with 
human endothelial cells (40). The following murine mAbs were provided 
as gifts: anti-P-selectin mAbs Gl {protein A*purined antibody, from R. 
McEver, Oklahoma City, OK) (41) and anti-L-selectin mAb LAM 1.3 
'ascites, from T. Tedder, Boston, MA) (42). 

Competition EL/SA— Competition ELISAs using P- and E-selectin-Ig 
f 10-30 riM) were performed essentially as described (6). Briefly, poly- 
styrene microwell plates (cat. 25801. Corning Glass, Newark, CA) were 
coated with unconjugated BSA or BSA-sLe 1 neoglycoprotein (0.11 ug/ 
well in 75 ul of 50 mw sodium carbonate/bicarbonate buffer, pH 9.5) by 
incubation overnight at 4 *C. Wells were washed and blocked with 20 
mg/ml BSA in assay buffer (20 mu HEPES pH 7.4. 150 am NaCl, 2 dim 
CaCl,). P- and E-selectin-Ig and serially diluted test compounds were 
incubated in BSA-sLe 1 -coated wells for 3 h at room temperature. After 
washing with assay buffer, peroxidase-conjugated goat anti-human IgG 
antibody t 1:3000) was added to the wells and incubated for 30 min. 
Wells were washed and incubated with a chromogenic substrate for 
peroxidase (o-phenylene-diamine dihydrochloride, 0.8 mg/ml) in 50 dim 
sodium citrate. 50 mx sodium phosphate buffer (pH 5.0) containing 



0.015<fc (vol/vol » H,O r Bound selectm-ig was determined by measurine 
the optica] density at 450 nm at intervals of 12-30 s in a V w microplate 
reader (Molecular Devices, Inc., Menlo Park. CA); an endpoint deter- 
mination at 490 nm was made after stopping the color development in 
the linear range by addition of 4 n rLSO v Specific binding to BSA-sLe 1 
was determined by subtracting the signal generated in wells coated 
with unconjugated BSA incubated with 20 nw solutions of selectin-Ig 
(typically less than 10% of the maximal signal). For L-selectin-Ig (2), 20 
om fusion protein was allowed to form multimeric aggregates with per- 
oxidase-conjugated antiimmunoglobulin antibody (1:6,000) for 30 min 
before incubation with the inhibitors on the BSA-sLe*-coated plate. 
Subsequent steps were as described above. IC M values (concentrations 
of compound that reduced selectin-Ig binding to 50% of the maximal) 
were calculated by fitting data from a titration curve to the equation: 
fraction of maximal binding * IC W + (IC M + (compound]) using nonlin- 
ear least squares analysis software (Origin, Microcal Inc., Northamp- 
ton, MA). 

Celts and Culture Conditions — Human LSI 80 colon carcinoma cells, 
human HL60 promyelocytic leukemia cells, and SV40-transfonned sim- 
ian kidney fibroblast COS-1 cells were purchased from American Type 
Culture Collection (Rockviile, MD) and maintained in culture as rec- 
ommended. Baby hamster kidney cells were cultured in Dulbeoco's 
modified Eagle's medium/F-12 (Whittakerj containing 10% fetal bovine 
serum (FBS; Hyclone, Logan, UT) and subcultured using versene (Life 
Technologies, Inc.). Primary cultures of human umbilical vein endothe- 
lial cells (HUVEC) were obtained from Clonetics Corp. (San Diego, CAi. 
HUVEC were grown in Medium 199 (Life Technologies, Inc.) containing 
20% FBS, 50 ug/ml endothelial cell growth supplement, and 100 ug/ml 
heparin (Sigma) and subcultured (1:3 split ratio) using trypsin/versene 
(Life Technologies, Inc.). HUVEC were used for adhesion experiments 
at passage 2-4. PMN were prepared from EDTA-anticoagulated blood 
by sodium metrizoate-dextran density gradient centrifugation (Poly- 
morphprep, Nycomed PharmaAs, Oslo, Norway) and washed twice with 
DPBS (without Ca 2 * and Mg 2 *, Whittaker) at room temperature. Con- 
taminating red blood cells were Lysed by a brief exposure (30 s) to 
hypotonic buffer (ice-cold DPBS diluted 1:10 in sterile distilled water) 
followed by the addition of 1/10 of a volume of sterile hypertonic DPBS 
( 10 x, Whittaker). PMN were washed by centrifugation in ice-cold DPBS 
(without Ca 2 * and Mg 2 *) and suspended in ice-cold 1% human serum 
albumin (HSA; Cat. S21100, Alpha Therapeutic Corporation, Los Ange- 
les, CA) in RPMI 1640 medium (Whittaker). 

LS18Q Cell Adhesion to Protein A<aptured Selectin-Ig — Cell adhe- 
sion assays on immobilized selectin-Ig were performed essentially as 
described (3, 6). Briefly, Nunclon Terasaki microwell plates (Cat. 
136528, Nunc, Naperville. IL) were coated overnight at 4 *C with 5 
ul/well 50 raw sodium carbonate buffer (pH 9.5) containing recombinant 
protein A (10 u^mi, Chemicon, Temecula. CA). Protein A-coated plates 
were washed with DPBS, incubated for 1 h with L-, P-, or E-selectin-Ig 
in DPBS (20, 20, and 5 ug/ml, respectively), washed again, and blocked 
with DPBS containing 1% HSA LS180 cells were harvested by brief 
trypsinization, washed twice by centrifugation, and suspended at 1.5 x 
10* cells/ml in DPBS containing 1% HSA: 5 ul/well of the suspension 
was added to the wells and incubated for 30 min at 4 °C. After washing 
to remove unbound cells, adherent cells were fixed with glutaraldehyde 
(2.5% in DPBS) and counted microscopically. In each experiment, wells 
coated with CD8-lg fusion protein were used as control. Tb measure 
inhibition of cell adhesion, 5 ul/well of serially diluted solutions of 
inositol or inositol polyanions in DPBS were added to selectin-Ig-coated 
plates and incubated tor 30 mm at 4 "C before the addition of LSxau cell 
suspension. 

PMN Adhesion to COS Cells Transfected with cDNAs Encoding L-. P- 
and E-selectin— pCDM7/pCDM8 vectors containing cDNAs encoding 
full-length transmembrane forms of L-, P-, or E-selectin were trans- 
fected into COS-1 cells using DEAE-dextran as described (38). After 24 
h, transfected cells were harvested by brief trypsin treatment, trans- 
ferred to coverslips coated with 0.1% gelatin (G&-600, Fisher, Pitts- 
burgh, PA), and cultured in 24-well culture plates for 48-72 h to allow 
for cell surface expression of selectins. Wells were washed with DPBS 
and incubated with 0.5 ml of DPBS-1% HSA alone or containing inositol 
or inositol polyanions for 30 min at 4 °C. PMN suspensions (0.5 ml at 2 
x 10* cells/ml) were then added and allowed to adhere for 30 min at 4 °C. 
Nonadherent PMN were removed by immersion of the coverslips in 
DPBS. Adherent cells were fixed with 2-5% glutaraldehyde in DPBS 
and counted. PMN adhesion was quamitated as number of rosettes 
iCOS cells with three or more bound PMN) per 100 transfected COS 
cells. Transfection efficiency » typically 10-25%)) was assessed in each 
experiment by incubating COS cells with mAbs specific for L-. P-. and 
E -selectin, followed by reaction with a fluoresce! n-conjugated anti-im- 
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Fie I. Structure of o-myo- inositol 1,2,3. 4,5,6- hexaki* phosphate 
(InsP,). 

munoglobulin antibody. The same protocol was used for adhesion ex- 
periments performed with LS180 and HL60 cell suspensions. 

PMN Adhesion to Activated Endothelial Monolayers — HUVEC were 
grown to confluence within 2.2 cm diameter circles (25) on glass micro- 
scope slides coated with 0.1% gelatin. Monolayers were washed with 
DPBS and incubated for 4-8 h at 37 °C in Medium 199 containing 20% 
FBS and 200 units/mi human recombinant tumor necrosis factor a 
(Biogen Research Corp., Cambridge, MA). Monolayers were washed 
again and incubated for 30 min at 4 °C in Medium 199 containing 5% 
FBS. After removal of medium. PMN suspension (0.5 ml. 2 x 10*/ml) 
was added and allowed to adhere for 30 min at 4 a C. The adhesion 
assays were performed both in static and in nonstatic conditions (on a 
rotating platform, 64 rpmJ. After washing to remove unbound PMN, 
glass slides were fixed in DPBS containing 2.5% glutaraldehyde, and 
adherent PMN were counted microscopically. To determine adhesion- 
blocking activity, PMN were incubated in RPMI 1640 medium with 5% 
FBS alone or containing inositol. InsP*, or anti-L-selectin monoclonal 
antibody LAM 1.3 (25). for 30 min at 4 *C before their addition to 
activated endothelial monolayers. In some experiments, endothelial 
monolayers were incubated with anti-E-selectin monoclonal antibody 
H18V7 (40 ) for 30 min at 4 °C before the addition of PMN. 

Peritoneal Inflamma Won— Male 4-5-week-old BALB/c mice (20-24 g) 
were injected intraperitoneally with 1 ml of 3% thioglycollate broth (lot 
622462. Clinical Standard Laboratories. Inc.. Rancho Dominguez, CA) 
or with 1 ml of saline containing 0.5 mg of zymosan (Sigma). Control 
animals were injected with saline. After 40 and 80 min. animals re- 
ceived slow intravenous injections of saline or saline containing InsP„ 
InsS s , or inositol (0.2 ml/injection). InsP, was injected at 5-40 pmol/kg/ 
injection (total of 10-80 umol/kg) and InsS fi and inositol at 40 or 200 
umol/kg/injection (total of 80 or 400 umol/kg). Mice were sacrificed 120 
min after the intraperitoneal injection. Cells within the peritoneal cav- 
ity were collected by lavage with 10 ml of ice-cold DPBS containing 10 
units/ml of heparin and counted in a hemocytometer. The percentage of 
PMN was assessed using cytospin preparations (Shandon Inc., Pitts- 
burgh, PA) stained with Wright-Giemsa stain (Diff-Quik. Baxter. Mc- 
Gaw Park. IL). In separate experiments. InsP s (2-160 umol/kg) or ino- 
sitol were given as single 0.2 -ml subcutaneous injections 3 min after 
intraperitoneal injection of thioglycollate. In some experiments, total 
white blood cell counts were obtained using a Sysmex F-800 hematology 
analyzer (Baxter), and the percentage of PMN was assessed using 
smear preparations stained with Diff-Quik. No toxic effects of InsP, and 
InsS s were observed by using the injection protocols described above. 
Toxicity due to rapid intravenous injection of high dose InsP K (-600 
umol/kg} has been previously reported (43>. 

Lung inflammation — Lung intlammacion was induced in rats (male, 
200-250 g) by intratracheal injection of endotoxin (5 pg/rat of Salmo- 
nella typhosa lipopolysaccharide, Sigma, lot 126F4020, in 0.5 ml of 
saline) as described (44). After 2 h. a first intravenous injection (0.5 ml) 
of InsP, (20 umol/kg) or saline was given; a second injection was given 
4 h after the intratracheal injection. Rats were sacrificed 6 h after the 
intratracheal injection. Bronchoalveolar lavage iBAL) was performed 
by washing the lungs with 7 ml of PBS injected through a tracheal 
cannula and repeated 6-7 times/rat. Cells within -the BAL fluid were 
counted with an hematology analyter. and the percentage of PMN was 
assessed using cytospin preparations stained with DifF-Quik. Samples 
of venous blood withdrawn from the tail were used to determine pe- 
ripheral blood PMN content. 

RESULTS 

Inositol Polyanions Block the Binding of L- and P-selecttn-Ig 
to BSA-sLr in a Competition EL1SA — Inositol hexakisphos- 
phate i InsP v Fig. 1) and inositol hexakassulfate (InsS s ), but not 
inositol, inhibited binding of L- and P-selectin-Ig to immobi- 
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Fio. 2. Effect of myo inositols on the binding of L* (a), P- (6), 
and E-selectin-Ig (c) to immobilized BSA-sLe* in a competition 
ELISA. To determine inhibitory activity, InsP, (•). InsS, (C). or inositol 
( ■> was added to the selectin-Igs to achieve the indicated concentrations 
before transfer to microtiter plates. Data shown are the mean and range 
of optical density measurements made in duplicate wells from a single 
experiment corrected for background signal, representative of 3-4 sepa- 
rate experiments. 



lized BSA-sLe x neoglycoprotein (Fig. 2, A and B). The IC^ of 
InsP s on L-selectin-Ig binding was 2.1 i 1.5 um; InsS 6 was less 
active, with an lC Kn value of 210 ± 80 um. InsP* and InsS* also 
blocked P-selectin-Ig binding to immobilized BSA-sLe x (IC^ = 
160 ± 40 um and 2.8 ± 0.9 mw, respectively), whereas they failed 
to inhibit the binding of E-selectin-Ig at concentrations up to 5 
him (Fig. 2C). InsP s also inhibited L- and P-selectin-Ig binding 
with IC W values of 1.4 ± 0.2 and 260 ± 40 um, respectively. As 
shown in Table I, inositol trisphosphates (Ins(l t 4,5)P 3 , 
lns(3 t 5,6)P 3 , and GroPIns(4,5)P 3 ) also inhibited L-selectin bind- 
ing, while Glc(2,3,4,6)P 4 was inactive up to 2 nm Inositol-based 
structures with low phosphate content (inositol, InsP,, and 
GroPIns) and polyphosphates (sodium trimetaphosphate, so- 
dium tripolyphosphate, and 2,3-bisphosphoglycerate) did not 
inhibit selectin binding to BSA-sLe 1 up to 2 mM. None of the 
test compounds inhibited E-selectin-Ig binding to BSA-sLe 1 up 
to 2 mM. 

InsP,. and InsSf Block Cell Adhesion to L* and P-selectin-lg 
and to COS Cells Expressing L and P -selectin — The effect of 
inositol polyanions on selectin-dependent cell adhesion was as- 
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Effect of inositol polyanions. inositol, and polyphosphates on 
L and P seiectin ig binding to BSA sLe 1 



Compound 


L - 1 ectin - 1 £ 




P-s«lectin-ljr 




IC W « 


n 6 




T 




MM 




u« 




InsP g 


2.1 £ 1.5 


4 


160 t 40 


1 


1^1.3,4.5,6)?^ 


1.4 ± 0.2 


3 


260 ± 40 






340 ± 60 


3 


NC f 


2 


D-InsU.4,5)P 3 


320 ± 110 


3 


NC 


0 


GroPlns(4,5)P 3 


150 t 40 


3 


NC 


2 


GroPlns 


m 4 


2 


NI 


2 


InsP, 


NI 


2 


NI 


2 


Inositol 


NT 


4 


NI 


3 


InsS, 


210 ±80 


3 


2760 - 890 


3 


GIc(2,3,4,6>P 4 
Tri polyphosphate 


NT 


2 


NI 


2 


HI 


3 


NI 


3 


Tri metaphospha te 


NI 


3 


NI 


3 


2.3-biaphosphoglycerate 


NI 


2 


NI 


2 


* Concentration of compound that resulted in 50% inhibition of L- 


or 



P-selectin-Ig binding to BSA-sLe 1 as measured in a competition ELISA 
(see "Materials and Methods"). Data represent the mean * S.D. of the 
ICjy, values obtained in n experiments. 

* n, number of titration experiments performed for each compound. 
1 NC. not calculated (less than 30% inhibition at 2 itlm». 
" NI. no inhibition (at 2 raxi. 

sessed using a colon cancer cell line, LS180, that binds to all 
three selectins. 2 As shown in Fig. 3, InsP« blocked the adhesion 
of LS180 cells to plates coated with purified L- and P-selec- 
tin- Ig (51 ± 5 and 53 ± 14% inhibition at 60 um, respectively, 5 
experiments) but not with E-selectin-Ig. lnsS 6 was also effec- 
tive in blocking LS180 adhesion to L- and P-selectin-Ig but 
required higher concentrations (43 ± 1 and 45 ± 5% inhibition 
at 4 mw, respectively, 2 experiments ); myo-inositol, and 2,3- 
bisphosphoglycerate were inactive at concentrations up to 5 
mM. The effect of inositol polyanions on cell adhesion to full- 
length transmembrane selectins was examined using COS cells 
transfected with cDNAs encoding L-. P-, and E-selectin (L- 
COS. P-COS, and E-COS, respectively). InsP fi displayed a dose- 
dependent inhibition of LS180 cell adhesion to L-COS and P- 
COS (blocking at 500 uai was 81 ± IZ% and 95 ± 5%, 
respectively, 2 experiments J but not to E-COS (<5% inhibition). 
In separate studies, PMN adhered to P-COS and E-COS but 
showed little binding to L-COS. As depicted in Fig. 4, InsP € (500 
uau blocked PMN adhesion to P-COS but not to E-COS; similar 
results were obtained with the promyelocytic cell line HL60 
( not shown j. Higher concentrations of InsS 6 also inhibited PMN 
adhesion to P-COS (63 ± 7% blocking at 5 mM, 2 experiments) 
but not to E-COS; inositol had no effect at concentrations up to 
10 mM. 

InsP; Inhibits PMN Adhesion to Activated Endothelial Cell 
Monolayers under Fluid Shear Stress — The effect of inositol 
polyanions on PMN adhesion to cytokine-activated endothelial 
monolayers was studied under static and nonstatic conditions. 
In the absence of fluid shear force (static assay j, PMN adhesion 
to tumor necrosis factor a -activated endothelial cells is inhib- 
ited by anti-E-selectin antibodies (40 ) but not by anti-L-selectin 
antibodies (25). Under these conditions, InsP 8 (500 umi had 
little or no effect on PMN adhesion I Fig. 5, upper panel ). In the 
presence of rotation-induced shear stress < nonstatic assay), 
PMN adhesion can be inhibited by both anti-E-selectin and 
anti-L-selectin antibodies (25). Under these conditions. InsP 6 
(500 um) reduced PMN adhesion to tumor necrosis factor or-ac- 
tivated endothelial cells to a similar extent as did anti-L-selec- 
tin antibodies (Fig. 5, lower panel s Inositol was inactive at 
concentrations ud to 10 m.\t in both static and nonstatic assavs. 



: G. Mannon. L Carter. O. Cecconi. K. Hanasaki, C. Corless. A. 
ArutTo. R. M Nelson, and M P Bevilacqua. manuscript m preparation. 
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Fig. 3. Effect of InsP, on the adhesion of LSI 80 colon cancer 
cell* to immobilized L- O, P- (A), and E-«electin-Ig (•). InsP fl was 
added to well* precoated with protein-A<aptured selectin-Ig to give the 
indicated final concentrations. Data presented are mean number of 
adherent cells/mm 2 ± S.E., counted in quadruplicate wells in a single 
experiment representative of three. Inositol was inactive up to 10 mM on 
each of the selectins. InsS s inhibited L- and P-selectin -dependent cell 
adhesion at higher concentrations (43 * 1 and 45 * 5% inhibition at 4 
mm No LS180 cell adhesion was detected on plates coated with protein 
A alone or on plates coated with protein A<aptured CD8-Ig. LS180 cell 
adhesion to E*. P-, and L-selectin was inhibited by blocking monoclonal 
antibodies H18/7, Gl, and LAM1.3. respectively. 2 




— lnsP6 Inositol 



lasP6 Inositol 



Etc. 4. Effect of InsP, or inositol on the adhesion of isolated 
human PMN to COS cells transfected with P- and E-selectin. 
Experiments were conducted as described under "Materials and Meth- 
ods." Inositol and InsP^ final concentration was 500 ux. Previous ex- 
periments showed that the blocking effect was dose-dependent and 
maximal at concentrations between 250 and 500 um. Data represent the 
mean ± S.E. of three separate experiments <five microscopic fields/ 
coverslip with triplicate coverslips were counted in each experiment). 
Inositol was inactive up to 10 mM. InsS^ inhibited PMN adhesion to 
P-COS at concentrations higher than 1 mM (63 * 7% inhibition at 5 mM). 
Similar results were obtained with HL60 cells. 



InsP 6 Reduces PMN Accumulation in Experimental Inflam- 
mation in Vivo — In mice, peritoneal inflammation induced by 
injection of thioglycollate results in the accumulation of PMN, 
the early phase of which is thought to depend largely on L- (45, 
46) and P-selectin (47). In this model, InsP 6 reduced PMN ac- 
cumulation in a dose-dependent fashion. Two intravenous in- 
jections of 40 umol/kg resulted in a 55 ± 10% reduction in PMN 
recovered from the peritoneal cavity at 120 min (Fig. 6A ). InsP 5 
(two intravenous injections of 40 umol/kg) also reduced perito- 
neal influx of PMN in thioglycollate-stimulated mice (48 ± 6% 
inhibition, 2 experiments, p < 0.01 in both experiments). A 
single subcutaneous injection of InsP 6 (1-160 umol/kg) acted in 
a dose-dependent fashion to reduce the number of PMN recov- 
ered in the peritoneal cavity of thioglycollate-atimulated ani- 
mals. The inhibition was maximal between 40 and 160 umol/kg 
(45 * 5% at 40 umol/kg, 3 experiments). The number of periph- 
eral blood PMN was not reduced by intravenous or subcutane- 
ous InsP, treatment (not shown;. In a closely related murine 
model, zymosan-induced peritoneal inflammation tFig. 6S). 
InsP 6 (two intravenous injections of 40 umol/kg at 40 and 80 
min) was found to be as effective as in thioglycollate-induced 
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Fig. 5. Effect of In*P r inositol, anti-L-selectio, and anti-E-se- 
lectin monoclonal antibodies on the adhesion of isolated human 
PMN to activated endothelial monolayers. PMN adhesion assay 
was performed under static (upper panel, nonxotating platform) and 
nonstatic conditions (lower panel, rotatory platform, 64 rpm) as de- 
scribed in the text. Inositol and InsP,, concentration was 500 um. Pre- 
vious experiments indicated that maximal blocking activity was at- 
tained between 250 and 500 um for InsP,, while inositol was inactive up 
to 10 ium. Anu-L-selectin antibody (1AM 1.3) was used at a dilution of 
1:3000. and anti-E-selectin antibody (H18/7) was used at 10 ug/ml. Data 
represents the mean * S,E, of three separate experiments. Unblocked 
PMN adhesion to activated endothelial monolayers under static and 
nonstatic conditions ranged from 1800 to 2400 cells/mm 2 ; unblocked 
adhesion to unactivated endothelium was less than 50 cells/mm 3 . 




saline saiine lnsP6 Inositol saline saline InsPe Inositol 



saline 3% thioglycoltaie broth saline 



zymosan 



Fig. 6. Effect of InsP, on neutrophil accumulation in the peri- 
toneal cavities of mice in two models of acute peritoneal inflam- 
mation. Mice were injected intraperitoneally with 1 ml of 3% thiogly- 
collate broth (Fig. 6A) or with 1 ml of saline containing 0.5 mg/ml of 
zymosan (Fig. 65). Control animals were injected intraperitoneally 
with 1 ml of sterile pyrogen-free saline. After 40 and 80 min the animals 
received intravenous injections of 0.2 ml of saline with or without InsP 6 
(total of 80 umol/kg = 73 mg/kg) or inositol (400 umol/kg * 72 mg/kg). 
Mice were sacrificed after 120 min, and the PMN content of the peri- 
toneal washings was evaluated. Bars represents the mean * S.D. of 
three separate experiments. Experimental groups contained 5-7 
animals/experiment; negative control group (saline intraperitoneally), 
contained 2 animals/experiment. Asterisks indicate statistically signifi- 
cant (p < 0.01, Student's t test) decrease in the number of PMN recov- 
ered in the peritoneal lavage compared with the positive control group 
(injected intraperitoneally with thioglycollate or zymosan and intrave- 
nously with saline). Peripheral blood PMN and platelet counts were 
similar between InsP 6 - and saline-treated groups (not shown). Endo- 
toxin content of injected solutions was less than 0. 1 endotoxin units/ml. 
Treatment of animals with intravenous injections of endotoxin (up to 1 
endotoxin unit/ml in saline) did not reduce the number of PMN recov- 
ered in the peritoneal washings (not shown). 



inflammation (61 ± 4% inhibition, 3 experiments). InsS 6 at the 
same dose did not reduce PMN accumulation in these murine 
models. However, higher doses (two intravenous injections of 
200 umol/kg) were partially effective yielding a 33 ± 13% inhi- 
bition in the thioglycollate model and a 31 £ 11% in the zymo- 
san model ( 1 experiment each, p < 0.05 in both experiments). In 
a rat model of lung inflammation induced by intratracheal 
injection of endotoxin (44), InsP 6 (two intravenous injections of 
20 umol/kg at 2 and 4 h) reduced the number of PMN recovered 
in the BAL fluid (56 2 9% inhibition, p < 0.01, 2 experiments). 
The number of peripheral blood PMN was similar in lnsP s - and 
saline-treated animals (not shown J. 

DISCUSSION 

Inositol polyanions were found to be effective inhibitors of L- 
and P-selectin in vitro. Notably, solution-phase InsP, and InsP< 
blocked the binding of purified L-selectin-Ig fusion protein to 
BSA-sLe s at a concentration of 1-2 um. By comparison, solu- 
tion-phase sLe\ a known ligand for this selectin, is far less 
potent, requiring concentrations in excess of 5 mM to achieve 
comparable blocking (2, 19, 29), Inositol polyanions were also 
shown to block P-selectin but not E-selectin interactions with 
BSA-sLe*. It has been demonstrated previously that solution- 
phase sLe 1 is a relatively good blocker of E-selectin (IC W , ~750 
umj (6). The inhibitory effects of inositol phosphates on L- and 
P-selectin appear to depend on the number of phosphate 
groups. InsP 6 and insP s were most active, InsP 3 showed less 
activity, while InsPj and inositol itself showed no activity at 
concentrations up to 5 mM. In preliminary experiments, addi- 
tional synthetic isomers of InsP 3 showed different inhibitory 
activity (not shown \ suggesting the possibility that the position 
of the phosphate groups in the inositol ring may be important. 
Other polyphosphates including glucose 2.3.4.6-tetrakisphos- 



phate, 2,3-bisphosphoglycerate, sodium trimetaphosphate, and 
sodium tripolyphosphate were inactive up to concentrations of 
2 mM. Interestingly, the inhibitory effects of inositol polyanions 
on L- and P-selectin but not E-selectin parallel the recently 
described effects of heparin, a polysulfated polysaccharide (6, 
21, 22. 29). In particular, both high molecular weight heparin 
(6, 21 ? 22) and heparin oligosaccharides (29) have been shown 
to inhibit the function of L- and P-selectin but not E-selectin. In 
separate studies, endothelial heparin-like molecules have been 
suggested as ligands for L-selectin (28). Although several pro- 
teins are able to bind inositol polyanions, their affinities for the 
different polyanions vary. For example, hemoglobin (48) and 
acidic fibroblast growth factor (49, 50) bind InsP, more avidly 
than InsS 6 , whereas ^-adrenergic receptor kinase is inhibited 
more effectively by InsS 6 than by InsP 6 (51), In our studies, 
InsP 6 and InsP 5 are substantially more active than InsS 6 in 
blocking L- and P-selectin. 

Recent studies have provided key insights regarding the car- 
bohydrate recognition domains of C-type lectins, including the 
selectins. In particular, crystallographic studies on the man- 
nose-binding protein (a C-type lectin homologous to selectins) 
have revealed that two calcium ions associated with the lectin 
domain participate in ligand binding (52). In addition, directed 
mutagenesis and monoclonal antibody mapping of E- and P- 
selectin have suggested that certain basic amino acids within 
the lectin domains are important for sLe* binding (53-55). Ino- 
sitol polyanions are known to bind basic amino acids in several 
proteins (56) including hemoglobin (48, 57). It is interesting to 
speculate that the array of negative charge imparted by phos- 
phate or sulfate groups could facilitate the binding of inositol 
polyanions to basic amino acids within the selectins. It is also 
possible that the binding of inositol polyanions to calcium ions 
within the lectin domain could contribute to their ability to 
alter selectin function. 
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Selectins are thought to play a critical roie in inflammation 
by controlling the initial attachment of leukocytes to activated 
vascular endothelium (58, 59). Previous studies in mice have 
suggested that L- and P-selectin are involved in the early 
stages of thioglycollate-induced peritoneal inflammation (45- 
47). PMN recruitment in this model can be reduced by treat- 
ment of the animals with the anti-murine L-selectin mono- 
clonal antibody (Mel- 14) (45) or with L-selectin-Ig fusion 
proteins (46). In addition. P-selec tin-deficient mice generated 
by embryonic stem cell gene inactivation displayed a reduced 
and delayed appearance of PMN in the peritoneal cavity in 
response to thioglycollate (47). By using thioglycollate-induced 
peritoneal inflammation, we showed that InsP fi , lnsP v and 
InsS 6 , injected intravenously or subcutaneous ly\ can effectively 
reduce PMN accumulation in the peritoneal cavity of thiogly- 
coilate-8timulated animals. The anti-inflammatory activity of 
[nsP,, was also shown in zymosan-induced peritoneal inflam- 
mation in mice and endotoxin-induced lung inflammation in 
rats. Recent observations indicate that oligosaccharide ligands 
of the selectins are effective blockers of inflammatory responses 
< 16, 18, 29, 60). The present data demonstrate that inositol 
polyanions, which are low molecular weight noncarbohydrate 
structures, can also reduce expenmental inflammatory re- 
sponses. 

InsP 6 and InsP 5 are found in substantial quantities in most 
mammalian cells (61-67), where they may act as precursors of 
several inositol phosphates thought to be involved in intracel- 
lular signaling (68-70). In addition, InsP^ is an abundant con- 
stituent of many plant seeds and is found in a variety of foods 
(56). The possibility that these naturally occurring molecules 
act to suppress inflammatory or immunological responses de- 
serves attention. In addition to blocking the selectins, inositol 
polyanions have been shown to possess anti-oxidant activity 
(71) that could enhance their ability to protect against the 
tissue damage associated with inflammation (72, 73). It is an- 
ticipated that inositol polyanions or their derivatives may 
prove useful as therapeutic agents in the treatment of a variety 
of human inflammatory diseases. 
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In Chapter 1 we saw how various exogenous 
and endogenous stimuli can cause cell injury. 
These same stimuli also can provoke a complex re- 
action in the vascularized connective tissue called 
inflammation. Invertebrates with no vascular sys- 
tem, single-celled organisms, and multicellular 
parasites all have their own responses to local in- 
jury. These include phagocytosis of the injurious 
agent; entrapment of the irritant by specialized 
cells (hemocytes), which then ingest it; and neu- 
tralization of noxious stimuli by hypertrophy ot the 
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have been retained in evolution, but what charac- 
terizes the inflammatory process in higher forms is 
the reaction of blood vessels, fading to the accumu- 
lation of fluid and leukocytes in extravascular tts- 
sties 

The inflammatory response is closely inter- 
twined with the process of repair. Inflammation 
serves to destroy, dilute, or wall off the injurious 
agent, but it, in turn, sets into motion a series ol 
events that, as far as possible, heal and reconstitute 
the damaged tissue. Repair begins during the early 
phases of inflammation but reaches completion 



usually after the injurious influence has been neu- 
tralized. During repair, the injured tissue is re- 
placed by regeneration of native parenchymal cells, 
or by filling of the defect with fibroblastic tissue 
(scarring), or most commonly by a combination of 
these two processes. 

Inflammation is fundamentally a protective re- 
sponse whose ultimate goal is to rid the organism 
of both the initial cause of cell injury (e.g., mi- 
crobes, toxins) and the consequences of such in- 
jury the necrotic cells and tissues. Without inflam- 
mation, infections would go unchecked, wounds 
would never heal, and injured organs might remain 
permanent festering sores. However, inflammation 
and repair may be potentially harmful Inflamma- 
tory reactions, for example, underlie life-threaten- 
ing hypersensitivity reactions to insect bites, drugs, 
and toxins as well as some of the common chronic 
diseases of modern times, such as rheumatoid ar- 
thritis atherosclerosis, and lung fibrosis. Repair by 
fibrosis may lead to disfiguring scars or fibrous 
bands that cause intestinal obstruction or limit the 
mobility of joints. For this reason our pharmacies 
abound with "anti-inflammatory drugs," which 
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Figure 3-1. Intravascular cells and connective tissue ma- 
trix and cells Involved In the Inflammatory response. 

ideally would enhance the salutary effects of in- 
flammation yet control its harmful sequelae. 

The inflammatory response occurs in the vas- 
cularized connective tissue, including plasma, cir- 
culating cells, blood vessels, and cellular and extra- 
cellular constituents of connective tissue (Fig. 3- 
1). The circulating cells include neutrophils, mono- 
cytes, eosinophils, lymphocytes, basophils, and 
platelets. The connective tissue cells are the mast 
cells, which intimately surround blood vessels; the 
connective tissue fibroblasts; and occasional resi- 
dent macrophages and lymphocytes. The extracellu- 
lar matrix (ECM), as described in Chapter 2 con- 
sists of the structural fibrous proteins (collagen, 
elastin), the adhesive glycoproteins (fibronectin, la- 
minin, nonfibrillar collagen, entactin, tenascin, and 
others), and proteoglycans. The basement mem- 
aliVed romnonent of the ECM con- 
sisting of adhesive glycoproteins and proteogly- 
cans. 

Inflammation is divided into acute and chronic 
patterns. Acute inflammation is of relatively short 
duration, lasting for minutes, several hours, or a 
few days, and its main characteristics are the exu- 
dation of fluid and plasma proteins (edema) and 
the emigration of leukocytes, predominantly neu- 
trophils. Chronic inflammation, on the other hand, 
is of longer duration and is associated histologically 
with the presence of lymphocytes and macro- 



phages and with the proliferation of blood vessels 
and connective tissue. Many factors modify the 
course and histologic appearance of both acute and 
chronic inflammation, and these will become ap- 
parent later in this chapter. 

The vascular and cellular responses of both 
acute and chronic inflammation are mediated by 
chemical factors derived from plasma or cells and 
triggered by the inflammatory stimulus. Such medi- 
ators, acting singly, in combinations, or in se- 
quence, then amplify the inflammatory response 
and influence its evolution. But it must be remem- 
bered that necrotic cells or tissues themsevles — 
whatever the cause of cell death — can also trigger 
the elaboration of inflammatory mediators. Such is 
the case with the acute inflammation following 
myocardial infarction. Inflammation is terminated 
when the injurious stimulus is removed and the 
mediators are either dissipated or inhibited. 

In this chapter we shall first describe the se- 
quence of events in acute inflammation, as well as 
the structural and molecular mechanisms underly- 
ing them, and then review the various classes of 
specific mediators that contribute to these events. 
This will be followed by a discussion of chronic 
inflammation and then repair, with emphasis on 
wound healing as a classic example of repair. But 
inflammation has a rich history, intimately linked 
to the history of wars, wounds, and infections, and 
we shall first touch on some of the historical high- 
lights in our understanding of this fascinating proc- 
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ess. 



HISTORICAL HIGHLIGHTS 

Though they were described in an Egyptian papy- 
rus (3000 bc), Celsus, a Roman writer of the first 
century a.d., first listed the four cardinal signs of 
inflammation: rubor, tumor, color, and dolor (red- 
ness, swelling, heat, and pain). A fifth clinical sign, 
loss of function (functio laesa), was later added by 
Virchow. In 1793, the Scottish surgeon John 
Hunter noted what is now considered an obvious 
fact: that inflammation is not a disease but a non- 
specific response that has a "salutary" effect on its 
host. 3 Julius Cohnheim (1839-1884) first used the 
microscope to observe inflamed blood vessels in 
thin, transparent membranes, such as the mesen- 
tery and tongue of the frog. Noting the initial 
changes in blood flow, the subsequent edema due 
to increased vascular permeability, and the charac- 
teristic leukocyte emigration, he wrote descriptions 
that can hardly be improved on. 4 

The Russian biologist Elie Metchnikoff discov- 
ered the process of phagocytosis by observing the 
ingestion of rose thorns by amebocytes of starfish 
larvae and of bacteria by mammalian leukocytes 
(1882). 5 He concluded that the purpose of inflam- 
mation was to bring phagocytic cells to the injured 
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area to engulf invading bacteria. At that time, 
Metchnikoff contradicted the prevailing theory 
that the purpose of inflammation was to bring in 
factors from the serum to neutralize the infectious 
agents It soon became clear that both cellular 
(phagocytes) and serum factors (antibodies) were 
critical to the defense against micro-organisms, and 
in recognition of this both Metchnikoff and Paul 
Ehrlich (who developed the humoral theory) 
shared the Nobel Price in 1908. 

To these names must be added that ot bir 
Thomas Lewis, who, on the basis of simple experi- 
ments involving the inflammatory response in skin, 
established the concept that chemical substances, 
such as histamine locally induced by injury, mediate 
the vascular changes of inflammation. This funda- 
mental concept underlies the important discoveries 
of chemical mediators of inflammation and the po- 
tential to use anti-inflammatory agents. 



ACUTE INFLAMMATION 

Acute inflammation is the immediate and early re- 
sponse to an injurious agent. Since the two major 
defensive components against microbes — anti- 
bodies and leukocytes— are normally carried in 
the bloodstream, it is not surprising that vascular 
phenomena play a major role in acute inflamma- 
tion. Therefore, acute inflammation has three 
major components: (1) alterations in vascular cali- 
ber that lead to an increase in blood flow, (2) 
structural changesHn the microvasculature that per- 
mit the plasma proteins and leukocytes to leave the 
circulation, and (3) emigration of the leukocytes 
from the microcirculation and their accumulation in 
the focus of injury. 

Certain terms must be defined before we de- 
scribe specific features of inflammation. The 
escape of fluid, proteins, and blood cells frorn the 
vascular system into the interstitial tissue or body 
cavities is known as exudation. An exudate is an 
inflammatory extravascular fluid that has a high 
protein concentration, much cellular debris, and a 
specific gravity above 1.020. It implies significant 
alteration in the normal permeability of small 
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transudate is a fluid with low protein content (most 
of which is albumin) and a specific gravity of less 
than 1.012. It is essentially an ultrafiltrate of blood 
plasma and results from hydrostatic imbalance 
across the vascular endothelium. In this situation, 
the permeability of the endothelium is normal. 
Edema denotes an excess of fluid in the interstitial 
or serous cavities; it can be either an exudate or a 
transudate. Pus, a purulent exudate, is an inflamma- 
tory exudate rich in leukocytes (mostly neutro- 
phils) and parenchymal cell debris. 
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Figure 3-2. Alterations In blood flow associated with In- 
flammation. 



VASCULAR CHANGES 

Changes in Vascular Flow 
and Caliber 

Changes in vascular flow and caliber begin very 
early after injury and develop at varying rates, de- 
pending on the severity of the injury. The changes 
occur in the following order: 

• Following an inconstant and transient vasocon- 
striction of arterioles, lasting a few seconds, 
vasodilatation occurs. This first involves the arte- 
rioles and then results in opening of new capil- 
lary beds in the area. Thus comes about in- 
creased blood flow, which is the cause of the 
heat and the redness (Fig. 3-2). How long vaso- 
dilatation lasts depends on the stimulus; it is fol- 
lowed by the next event: 

• Slowing of the circulation. This is brought about 
by increased permeability of the microvasculature, 
with the outpouring of protein-rich fluid into the 
extravascular tissues. The latter results in con- 
centration of red cells in small vessels and in- 
creased viscosity of the blood, reflected by the 
presence of dilated small vessels packed with red 
cells — termed stasis. 

• As stasis develops one begins to see peripheral 
orientation of leukocytes, principally neutrophils, 
along the vascular endothelium, a process called 
leukocytic margination. Leukocytes then stick to 
the endothelium, at first transiently (rolling), 
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then more avidly, and soon afterward they mi- 
grate through the vascular wall into the intersti- 
tial tissue, in processes that will be discussed 
presently. 

The time scale of these events is variable. 
With mild stimuli the stages of stasis may not be- 
come apparent until 15 to 30 minutes have 
elapsed, whereas with severe injury, stasis may 
occur in but a few minutes. 



creases the osmotic pressure of the interstitial 
fluid. Together with the increased hydrostatic 
pressure due to vasodilatation, this leads to a 
marked outflow of fluid and its accumulation in the 
interstitial tissue (Fig. 3-3). This net increase of 
extravascular fluid is edema. 

Normal fluid exchange and microvascular per- 
meability are critically dependent on an intact en- 



Increased Vascular Permeability 
(Vascular Leakage) 

Increased vascular permeability leading to the 
escape of a protein-rich fluid (exudate) into the 
interstitium is the hallmark of acute inflammation. 
The loss of protein-rich fluid from the plasma re- 
duces the intravascular osmotic pressure and in- 
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Figure 3-3. Blood pressure and plasma colloid osmotic 
forces In normal and Inflamed microcirculation. A, Normal 
hydrostatic pressure of about 32 mm Hg at arterial end of 
capillary and 12 mm Hg at venous end. Mean capillary 
pressure equals colloid osmotic pressure (horizontal line). 
B, Acute Inflammation. Mean capillary pressure Is In- 
creased because of arteriolar dilatation, while osmotic 
pressure is reduced because of protein leakage across 
venule. Result Is net excess of extravasated fluid. (Redrawn 
with permission from Wright, G.P.: An Introduction to Pa- 
thology, 3rd ed. London. Longmans, Green and Co., 1958.) 



MECHANISMS OF VASCULAR LEAKAGE 
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Figure 3-4. Diagrammatic representation of the Ave mech- 
anisms of Increased vascular permeability In Inflammation 
(see text). 
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Fiaure 3-5 A Electron micrograph of wall of normal venule, showing closed intercellular Junction and flattened endothe- 
lial cells B Venule after Injection of a hlstamlne-type mediator, showing an Intercellular gap through which Injected black 
carbon particles have leaked. Note that the cells have bulged Into the lumen and their nuclei show many indentations, 
suggesting contraction. (With permission from Jorls, I.J., et al.: The mechanism of vascular leakage Induced by leukotriene 
E 4 . Am. J. Pathol. 126:19, 1987.) 



dothelium. How then does the endothelium be- 
come leaky in inflammation? At least five 
mechanisms are known (Fig. 3-4). 7 

1. Endothelial cell contraction, leading to the 
formation of widened intercellular junctions, or in- 
tercellular gaps (Fig. 3 -5). 8 This is by far the most 
common mechanism of vascular leakage and is elic- 
ited by histamine, bradykinin, leukotrienes, and 
many other classes of chemical mediators. This 
type of vascular leakage occurs rapidly after expo- 
sure to the mediator and is usually reversible and 



short-lived (15 to 30 minutes); it is thus known as 
the immediate transient response. 

Classically, this type of leakage affects only 
venules 20 to 60 /zm in diameter, leaving capillaries 
and arterioles unaffected (Fig. 3-6). The precise 
reason for this restriction to venules is uncertain 
but may be related to a greater density of recep- 
tors to the putative mediator in venular endothe- 
lium. Parenthetically, many of the later leukocyte 
events in inflammation — adhesion and emigration 
— also occur predominantly in the venules in most 
organs. 
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2 Cytoskeletal and junctional reorganization 
(endothelial retraction). An apparently different 
mechanism of reversible intercellular leakage re- 
sulting in interendothelial gaps, can be induced tn 
vitro by cytokine mediators, such as interleukin-1 
(IL-1) tumor necrosis factor (TNF), and inter- 
feron-gamma (TFN-y). 9 These cytokines cause a 
structural reorganization of the cytoskeleton, such 
that endothelial cells retract from one another 
along their junctions, leading to endothelial dis- 
continuities. In contrast to the histamine effect, the 
response is somewhat delayed (4 to 6 hours) and 
long-lived (24 hours or more). How frequently this 
mechanism accounts for vascular leakage in vivo is 
still uncertain. , , 

3. Direct endothelial injury, resulting in endo- 
thelial cell necrosis and detachment. This effect is 
usually encountered in necrotizing injuries and is 
due to direct damage to the endothelium by the 
injurious stimulus, as for example by severe burns 
or lytic bacterial infections. In most instances leak- 
age starts immediately after injury and is sustained 
at a high level for several hours until the damaged 
vessels are thrombosed or repaired. The reaction is 
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levels of the microcirculation are affected, including 
venules, capillaries, and arterioles. Endothelial cell 
detachment is often associated with platelet adhe- 
sion and thrombosis. 

Delayed prolonged leakage is a curious but rel- 
atively common type of increased permeability that 
begins after a delay of 2 to 12 hours, lasts for 
several hours or even days, and involves venules as 
well as capillaries. Such leakage is caused, for ex- 
ample, by mild-to-moderate thermal injury, X- or 



ultraviolet radiation, and certain bacterial toxins. 
The late-appearing sunburn is a good example of a 
delayed reaction. The mechanism for such leakage 
is unclear. It may result from the direct effect of 
the injurious agent, leading to delayed cell damage 
(perhaps by apoptosis), or the effect of cytokines 
causing endothelial retraction, as described earlier. 

4. Leukocyte-mediated endothelial injury. Leu- 
kocytes adhere to endothelium relatively early in 
inflammation. As we shall see, such leukocytes may 
be activated in the process, releasing toxic oxygen 
species and proteolytic enzymes, which then cause 
endothelial injury or detachment — resulting in in- 
creased permeability. 

5. Leakage from regenerating capillaries. As 
described later in this chapter, during repair, en- 
dothelial cells proliferate and form new blood ves- 
sels (angiogenesis). These capillary sprouts remain 
leaky until the endothelial cells differentiate and 
form intercellular junctions, accounting for the 
edema characteristic of healing inflammation. 

Increased transcytosis via vesicles and vacuoles 
across the cytoplasm is another potential mecha- 
nism of increased permeability and has been dem- 
onstrated in blood vessels within tumors.** 

It should be noted that although these mecha- 
nisms are separable, all may play a role in response 
to one stimulus. For example, in various stages of a 
thermal burn, leakage results from chemically me- 
diated endothelial contraction as well as direct and 
leukocyte-dependent injury — and from regenerat- 
ing capillaries when the injury heals. This accounts 
for the life-threatening loss of fluid in severely 
burned patients. 
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Figure 3-7. Sequence of leukocytic events In Inflammation. 
The leukocytes first roll, then arrest and adhere to endo- 
thelium, then transmigrate through an Intercellular Junc- 
tion pierce the basement membrane, and migrate toward 
chemoattractants emanating from the source of Injury. The 
roles of selectins, activating agents, and Integrins are also 
shown. (Modified and redrawn from Travis, JT.: Biotech 
gets a grip on ceil adhesion. Science 26:906, 1993.) 



CELLULAR EVENTS: LEUKOCYTE 
EXTRAVASATION 

AND PHAGOCYTOSIS 

A critical function of inflammation is the delivery 
of leukocytes to the site of injury. Leukocytes in- 
gest offending agents, kill bacteria and other mi- 
crobes, and degrade necrotic tissue and foreign an- 
tigens. Unfortunately, leukocytes may also prolong 
inflammation and induce tissue damage by releas- 
ing enzymes, chemical mediators, and toxic oxygen 

radicals. £ . L 

The sequence of events in the journey of leuko- 
cytes from the lumen to the interstitial tissue called 
extravasation, can be divided into the following 
steps: (1) in the lumen: marginatum, rolling, and 
adhesion; (2) transmigration across the endothelium 
(oho called diapedesis); and (3) migration in inter- 
stitial tissues toward a chemotactic stimulus (Fig. 
3-7). 

In normally flowing blood, erythrocytes and 
leukocytes are confined to a central axial column 
leaving a cell-poor layer of plasma in contact with 
endothelium. As blood flow slows early in inflam- 

inrrpaserl vascular per- 
meability), white cells fall out of the central col- 
umn and assume a peripheral position along the 
endothelial surface. This initial process, called 
margination, is caused largely by changes in hemo- 
dynamic conditions engendered by low and slow 
blood circulation. Subsequently, individual and 
then rows of leukocytes tumble slowly along the 
endothelium and adhere transiently (a process 
called rolling), finally coming to rest at some point 
where they adhere firmly (resembling "pebbles or 



marbles over which a stream runs without disturb- 
ing them"). In time, the endothelium can be virtu- 
ally lined by white cells, an appearance cal ed 
"pavementing." Following firm adhesion leuko- 
cytes insert pseudopods into the junctions between 
the endothelial cells, squeeze through interendo- 
thelial junctions, and assume a position between 
the endothelial cell and the basement membrane. 
Eventually they traverse the basement membrane 
and escape into the extravascular space. Neutro- 
phils, monocytes, lymphocytes, eosinophils and 
basophils all use the same pathway. We shall now 
examine the molecular mechanisms of each ot the 
steps. 



Adhesion and Transmigration 

It is now clear that leukocyte adhesion and transmi- 
gration are determined largely by the binding of 
complementary adhesion molecules on the leukocyte 
and endothelial surfaces (like a key and lock), and 
that chemical mediators— chemoattractants and 
certain cytokines— affect these processes by modu- 
lating the surface expression or avidity of such ad- 
hesion molecules. 6 ' 10 ,1V, 

The adhesion receptors involved belong to 
three molecular families — the selectins, the immu- 
noglobulins, and the integrins. The most important 
of these are shown in Table 3-1. 11 

Selectins, so-called because they are character- 
ized by an extracellular N-terminal domain related 
to sugar-binding mammalian lectins, consist of 
E-selectin (also known as ELAM-1) that is confined 
to endothelium; P-selectin (also called GMP140), 
present in endothelium and platelets; and L-selec- 
tin (also called LAM-1), which decorates most leu- 
kocyte types. P and E selectins bind, through their 
lectin domain, to sialylated forms of oligosaccha- 
rides (e.g., sialylated Lewis X), which themselves 
are covalently bound to various cell surface glyco- 
proteins. L-selectin binds to mucin-like glycopro- 
teins (GlyCAM-1 and CD34). 

The immunoglobulin family molecules include 
two endothelial adhesion molecules: ICAM-1 (in- 
tercellular adhesion molecule 1) and VCAM-1 (vas- 
cular cell adhesion molecule 1), and both interact 
with integrins found on leukocytes. (You may recall 
from Chapter 2 that integrins are transmernbrane- 
adhesive heterodimeric glycoproteins, made up d 
alpha and beta chains that also function as recep- 
tors for the extracellular matrix [ECM].) The prin- 
cipal integrin receptors for ICAM-1 are the fi % in- 
tegrins LFA-1 and MAC-1 (CDlla/CD18 and 
CDllb/CD18), and that for VCAM-1 is the p x in- 
tegrin VLA-4 (aj x integrin). 

But how are these molecules modulated to in- 
duce adhesion in inflammation? There are a num- 
ber of mechanisms, dependent on the duration of 
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Table 3-1- LEUKOCYTE-ENDOTHELIAL ADHESION MOLECULES 



ENDOTHELIAL 
MOLECULE 



Family 



LEUKOCYTE 
RECEPTOR 



family 



E-selectln 
(ELAM-1) 

P-selectln 
(GMP-140) 

ICAM-1 
VCAM-1 



LAM-1 Llgand(s) 
(GlyCam-l;CD34) 



Selectin 
Selectin 

Immunoglobulin 
Immunoglobulin 



Mucin-like 
glycoproteins 



Slalyl-Le x 
Glycoprotein 

Slalyl-Le x 
Glycoprotein 

LFA-1 
Mac-1 

VLA-4 



L-selectin 
(LAM-1). 



Oligosaccharides 

Oligosaccharides 
f} 2 Integrin 
/?, integrin 

Selectin 



ModW ed on. used Wh pe^ «~,s^ »* »* « ^ 

inflammation: m vitro and In vivo studies. Kidney Int. 42.S-28. 1993. 



Distribution 

Neutrophils 
T cells 
Monocytes 

Neutrophils 
Monocytes 

All leukocytes 



Lymphocytes 
Monocytes 
Basophils 
Eosinophils 

Neutrophils 
Lymphocytes 
Monocytes 

adhesion molecules In renal 



inflammation, the type of inflammatory stimulus, 
and blood flow conditions (Fig. 3-8). 

1 Redistribution of adhesion molecules to the 
cell surface (Fig. 3-8A). P-selectin, for example, is 
normally present in the membrane of specific m- 
tracytoplasmic endothelial granules, called Weibel- 
Palade bodies. On stimulation by mediators such as 
histamine, thrombin, and platelet-activating factor 
(PAF), P-selectin is rapidly redistributed to the cell 
surface, where it can bind the leukocytes. 18 This 
process occurs within minutes in flowing blood and 
serves to deliver preformed adhesion molecules in 
short order to the surface. Studies suggest that this 
process may be particularly important in early leu- 
kocyte rolling on endothelium. 

2 Induction of adhesion molecules on endothe- 
lium. Some inflammatory mediators, and particu- 
larly cytokines (IL-1 and TNF), induce the synthe- 
sis and surface expression of endothelial adhesion 
molecules (Fig. 3-8B). This process requires new 
protein synthesis and . begins usually after a delay 
of some 1 or 2 hours. 13 E-selectin, for example, 
which is not present in normal endothelium is in- 
duced by IL-1 and TNF, maximally after 4 to 6 
hours and mediates the adhesion of neutrophils by 
binding to its receptor sialylated Lewis X. lne 

° i . i • „„ *U« ovnroccinn fir 

same cytoKines aiso wuc««. ^ 

ICAM-1 and VCAM-1, which are present at low 

levels in normal endothelium. 

3. Increased avidity of binding (Fig. 3-8C). 
This mechanism is most relevant to the binding ot 
integrins. For example, LFA-1 is normally present 
on leukocytes— neutrophils, monocytes, and 
lymphocytes— but does not adhere to its ligand 
ICAM-1 on endothelium. When neutrophils are ac- 
tivated by chemotactic agents or other stimuli the 
LFA-1 is converted from a state of low- to high-at- 
finity binding toward ICAM-1, owing to a confor- 



mational change in the molecule. During inflam- 
mation, the increased affinity of LFA-1 on the 
activated leukocyte, coupled with the increased 
ICAM-1 expression on endothelium induced by cy- 
tokines, sets the stage for strong LFA-l/ICAM-l 
binding. In the low-flow conditions generated by 
stasis, the LFA-l/ICAM-1 interaction causes firm 
adhesion to the endothelium and appears also to be 
necessary for the subsequent transmigration across 
the endothelium. 

Based on such studies, a currently popular 
scenario for neutrophil adhesion and transmigra- 
tion in acute inflammation postulates the following 
steps (Fig. 3-9): 15 (1) First, there is initial rapid 
and relatively loose adhesion that accounts tor roll- 
ing, involving mainly the naturally occurring P- and 
L-selectins, and, in cytokine-induced endothelium, 
E-selectin; (2) the leukocytes are then activated, 
by agents made by endothelium or other cells or 
emanating from the site of injury, to increase the 
avidity of their integrins (as in Fig. 3-8C); (3) they 
then bind stably to endothelium, largely through 
the & integrin-ICAM-1 pathway, and undergo 
transmigration. Neutrophils, monocytes, eosino- 
phils, and various types of lymphocytes use ditter- 
ent (but overlapping) molecules for adhesion, and 
their adhesivity can be modulated by the state ot 
activation of the leukocyte and endothelium. 

The most telling proof of the importance oi 
adhesion molecules is the existence of clinical ge- 
netic deficiencies in the leukocyte adhesion pro- 
teins which are characterized by impaired leuko- 
cyte adhesion and recurrent bacterial infections. In 
leukocyte adhesion deficiency type 1, patients have 
a defect in the biosynthesis of the fi, chain shared 
by LFA-1 and Mac-1 integrins. 17 Leukocyte adhe- 
sion deficiency type 2 is caused by absence of sia- 
lyl-Lewis X, the ligand for E-selectin, due to a 
generalized defect in fucose metabolism. 18 In addi- 
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Weibel-Palade Bodies 
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Adhesion Molecules 
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Increased Avidity of Integrins 
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Figure 3-9. Steps in endothelial-neutrophil recognition: (1) 
Initial adhesion via selecting (2) activation of leukocytes 
by mediators, or by step 1, causing increased avidity of 
integrin; and (3) firm adhesion/transmigration via integrin/ 
ICAM-1. 



Figure 3-8. Three mechanisms of mediating leukocyte en- 
dothelial adhesion. A, Redistribution of P-$electin. 6, Cyto- 
kine activation of endothelium. C, Increased binding avid- 
ity of Integrins (see text). (Courtesy of Dr. Madeleine Kraus.) 

tion, antibodies to adhesion molecules abrogate 
leukocyte extravasation in experimental models of 
acute inflammation, 10 and transgenic mice deficient 
in these molecules show a compromise in leuko- 
cyte rolling and extravasation, 20 

As described earlier (see Fig. 3-7), transmi- 

i_: ~„ „f «11 *\m£*c nr*r»iirc dinner the in- 

tercellular junctions. Certain homophilic adhesion 
molecules (i.e., adhesion molecules that bind to 
each other) present in the intercellular junction of 
endothelium may be involved. One of these is a 
member of the immunoglobulin gene superfamily 
called PECAM-1 (platelet endothelial cell adhesion 
molecule) or CD31. 21 Antibodies to this molecule 
inhibit transmigration in vitro. In passing, it should 
be noted that leukocyte diapedesis, like increased 
vascular permeability, occurs predominantly in the 
venules (except in the lungs, where it also occurs in 



capillaries). After traversing the endothelial junc- 
tions, leukocytes are transiently retarded in their 
journey by the continuous basement membrane 
but eventually pierce it, probably by secreting col- 
lagenases that degrade the basement membrane. 

The type of emigrating leukocyte varies with 
the age of the inflammatory lesion and with the 
type of stimulus. In most forms of acute inflamma- 
tion, neutrophils predominate in the inflammatory 
infiltrate during the first 6 to 24 hours, and then 
are replaced by monocytes in 24 to 48 hours (Fig. 
3-10). The sequence can best be explained by the 
activation of different adhesion molecule pairs and 
of chemotactic factors in different phases of in- 
flammation. In addition, short-lived neutrophils 
disintegrate and disappear after 24 to 48 hours, 
whereas monocytes survive longer. However, there 
are exceptions to this pattern of cellular exudation. 
In certain infections, for example those produced 
by Pseudomonas organisms, neutrophils predomi- 
nate over 2 to 4 days; in viral iiiieulions, iympnG- 
cytes may be the first cells to arrive; in some hy- 
persensitivity reactions, eosinophilic granulocytes 
may be the main cell type. 



Chemotaxis and 
Leukocyte Activation 

Following extravasation, leukocytes emigrate in tis- 
sues toward the site of injury by a process called 
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Figure 3-10. Photomicrograph of on acutely inflamed lung 
(pneumonia) showing emigration of Inflammatory cells 
Into the alveoli. Most of the cells in the exudate are neu- 
trophils (inset). 



chemotaxis, defined most simply as locomotion ori- 
ented along a chemical gradient. All granulocytes, 
monocytes, and, to a lesser extent, lymphocytes 
respond to chemotactic stimuli with varying rates 

°^ SP Both exogenous and endogenous substances 
can act as chemoattractants. The most common ex- 
ogenous agents are bacterial products. Some of 
these are peptides that possess an N-formyl-methi- 
onine terminal amino acid. Others are lipid in na- 
ture. Endogenous chemical mediators, which will 
be detailed later, include (1) components of the 
complement system, particularly C5a, (2) products 
of the lipoxygenase pathway, mainly leukotriene B 4 
(T,TR 4 ) : and (3) cytokines, particularly those of the 

IL-8 family. f> tt 

But how does the leukocyte "see (or smell) 
the chemotactic agents, and how do these sub- 
stances induce directed cell movement? Although 
not all the answers are known, several important 
steps and second messengers are recognized (Fig. 
3- ll). 22 Binding of chemotactic agents to specific 
receptors on the cell membranes of leukocytes re- 
sults in activation of phospholipase C (mediated by 
unique G-proteins), leading to the hydrolysis of 
phosphatidylinositol-4,5-biphosphate (PIP 2 ), to ino- 
sitol-l,4,5-triphosphate (IP 3 ) and diacylglycerol 
(DAG), and the release of calcium, first from intra- 



cellular stores and subsequently from the influx of 
extracellular calcium. It is the increased cytosolic 
calcium that triggers the assembly of contractile 
elements responsible for cell movement. 

The leukocyte moves by extending a pseudo- 
pod (lamellipod) that pulls the remainder of the 
cell in the direction of extension, just as an auto- 
mobile with front-wheel drive is pulled by the 
wheels in front (Fig. 3-12). The interior of the 
pseudopod consists of a branching network of fila- 
ments composed of actin as well as the contractile 
protein myosin. Locomotion involves rapid assem- 
bly of actin monomers into linear polymers at the 
pseudopod's leading edge, cross-linking of fila- 
ments, followed by disassembly of such filaments 
away from the leading edge. 23 These complex 
events are controlled by the effects of calcium ions 
and phosphoinositols on a number of actin-regulat- 
ing proteins, such as actin binding protein (fila- 
min), gelsolin, profilin, and calmodulin. Precisely 
how myosin interacts with actin in the pseudopod 
to produce contraction is unclear. 

In addition to stimulating locomotion, many 
chemotactic factors, particularly in high concentra- 
tions, induce other responses in the leukocytes, re- 
ferred to under the rubric of leukocyte activation 
(see Fig. 3-11). Such responses, which can also be 
induced by phagocytosis and antigen-antibody 
complexes, include the following: 

• Production of arachidonic acid metabolites from 
phospholipids, due to activation of phospholipase 
A 2 by DAG and increased intracellular calcium, 

• Degranulation and secretion of lysosomal en- 
zymes, and activation of the oxidative burst (see 
discussion under phagocytosis). These two pro- 
cesses are induced by DAG-mediated activation 
of protein kinase. Activation of intracellular 
phospholipase D by the increased calcium influx 
contributes to the sustained DAG accumulation. 

• Modulation of leukocyte adhesion molecules. Cer- 
tain chemoattractants cause increased surface ex- 
pression and, as stated earlier, increased adhesive 
avidity of the LFA-1 integrin, allowing firm ad- 
hesion of activated neutrophils to ICAM-1 on 
endothelium. In contrast, neutrophils shed 
L-selectin from their surface, making them less 
adhesive to the L-selectin ligand on endothelium. 

A newly appreciated phenomenon in leukocyte 
activation is priming, denoting an increase^ rate 
and extent of leukocyte activation by exposure to a 
mediator that itself causes little activation. The cy- 
tokine TNF, in particular, markedly increases leu- 
kocyte activation by other chemotactic agents, ac- 
counting for its powerful in vivo effects, described 
later in this chapter. 



Phagocytosis 

Phagocytosis and the release of enzymes by neu- 
trophils and macrophages constitute two of the 



Figure 3-11. Biochemical events in leuko- 
cyte activation. The key events are (1) re- 
ceptor-llgand binding, (2) phospholipase-C 
activation. (3) Increased Intracellular cal- 
cium, and <4) activation of protein kinase C. 
The biologic activities (5) resulting from leu- 
kocyte activation Include chemotaxis, 
elaboration of arachldonlc acid metabo- 
lites, secretion, and degranulation. Not 
shown Is phosphollpase D activation by in- 
creased CO++ which Increases DAG and 
amplifies protein kinase C activation. 



(PIP2) 
Phosphatidyl inositol 
biphosphate 
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major benefits derived from the accumulation of 
leukocytes at the inflammatory focus. Phagocytosis 
involves three distinct but inter-related steps (Fig. 
3-13A): recognition and attachment of the particle 
to be ingested by the leukocyte; its engulfment, 
with subsequent formation of a phagocytic vacuole; 
and killing or degradation of the ingested mate- 
rial. 24 




Figure 3-12. Scanning electron micrograph of a moving 
leukocyte In culture showing a pseudopod (upper left) 
and a trailing tail. (Courtesy of Dr. Morris J. Karnovsky, 
Harvard Medical School, Boston.) 



RECOGNITION AND ATTACHMENT. On occasion 
neutrophils and macrophages recognize and engulf 
bacteria or extraneous matter (e.g., latex beads) in 
the absence of serum. Most microorganisms, how- 
ever, are not recognized until they are coated by 
naturally occurring factors called opsonins, which 
bind to specific receptors on the leukocytes. The 
two major opsonins are (1) the Fc fragment of im- 
munoglobulin G (IgG), presumably naturally occur- 
ring antibody against the ingested particle; and (2) 
C3b, the so-called "opsonic fragment of C3" (and 

lib SliiUlC lUllli UUt/t/, guu^iai^u ujr wvu»uwww 

complement by immune or nonimmune mecha- 
nisms, as described later. The corresponding re- 
ceptors on leukocytes are FcyR which recognize 
the Fc fragment of IgG, and complement receptors 
i, 2, and 3 (CR1, 2, 3), which interact with C3b 
and C3bi. CR3, which recognizes C3bi, is a partic- 
ularly important receptor; it is identical with the /? 2 
integrin-Mac-1, which, as you recall, is involved in 
adhesion to endothelium. It binds certain bacteria 
by recognizing bacterial lipopoly saccharides (LPS), 
without the intervention of antibody or comple- 
ment, accounting for so-called nonopsonic phagocy- 
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tosis. CR3 also binds the ECM components fibro- 
nectin and laminin. 

ENGULFMENT. Binding of the opsonized particle to 
the FcyR is sufficient to trigger engulfment which 
is markedly enhanced in the presence ot CRs. 
However, binding to the u3 recepluis a»onc rc 
quires activation of such receptors before engulf- 
ment occurs. Such activation is accomplished by 
simultaneous binding to extracellular Bbronechn 
and laminin or by certain cytokines. During en- 
gulfment, extensions of the cytoplasm (pseudo- 
pods) flow around the object to be engulfed even- 
tually resulting in complete enclosure of the 
particle within a phagosome created by the cyto- 
plasmic membrane of the cell. The limiting mem- 
brane of this phagocytic vacuole then fuses with 
the limiting membrane of a lysosomal granule, re- 



Flgure 3-13. A, Phagocytosis of a parti- 
cle (e.g.. bacterium) Involves attach- 
ment and binding of Fc and C3b to re- 
ceptors on the leukocyte membrane, 
engulfmenl, and fusion of granules (In 
red) with phagocytic vacuoles, fol- 
lowed by degranulatlon. Note that dur- 
ing phagocytosis, granule contents 
may be released extracellularly. B, 
Summary of oxygen-dependeni bacteri- 
cidal mechanisms within phagocytic 
vacuole, as described In text. 



suiting in discharge of the granule s contents into 
the phagolysosome (see Fig. 3-13A). In the course 
of this action, the neutrophil and the monocyte 
become progressively degranulated. 

Many of the biochemical events involved in 
phagocytosis and degranulation are similar to those 
Liri^d for chemotaxis (see Fig. 3-11), The pro- 
ces's" is associated with receptor-ligand binding, 
phospholipase C activation, DAG and IP, produc- 
tion, protein kinase C activation, and increased 
concentration of cytosolic calcium, the latter two 
acting as second messengers to initiate the cellular 
events. 

KILLING OR DEGRADATION. The ultimate step in 
phagocytosis of bacteria is killing and degradation. 
Bacterial killing is accomplished largely <hy oxygen- 
dependent mechanisms (see Fig. 3-13B).* 5 Phago- 
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cytosis stimulates a burst in oxygen consumption, 
glycogenolysis, increased glucose oxidation via the 
hexose-monophosphate shunt, and production ol 
reactive oxygen metabolites. 

The generation of oxygen metabolites is due to 
the rapid activation of an oxidase (NADPH oxi- 
dase) which oxidizes NADPH (reduced nicotinam- 
ide-adenine dinucleotide phosphate) and in the 
process, reduces oxygen to superoxide ion (<V). 



20 2 + NADPH 



oxidase 



20 9 T + NADP+ + H + 



Superoxide is then converted into H 2 0 2 , 
mostly by spontaneous dismutation (<V + 

2H + >H 2 0 2 ). The NADPH oxidase is a complex 

enzyme system consisting of cytosolic phospho- 
proteins and membrane cytochrome protein com- 
ponents (cytochrome b-558). Activation of the 
oxidase requires translocation of the cytosolic com- 
ponents to interact with the fixed cytochrome on 
the membrane or, when the membrane is invagi- 
nated, in the phagolysosome (see Fig. 3-13B). 
Thus, the hydrogen peroxide is produced wtthtn the 

lysosome. . , 

The quantities of H 2 0 2 produced in the pha- 
golysosome are insufficient to induce effective kill- 
ing of bacteria. However, the azurophilic granules 
of neutrophils contain the enzyme myeloperoxidase 
(MPO) which, in the presence of a halide such as 
CI" converts H 2 0 2 to HOCl\ The latter is an an- 
timicrobial agent that destroys bacteria by halogen- 
ation (in which the halide is bound covalently to 
cellular constituents) or by oxidation of proteins 
and lipids (lipid peroxidation). A similar mechanism 
is also effective against fungi, viruses, protozoa, 
and helminths. Most of the H 2 0 2 is eventually bro- 
ken down by catalase into H 2 0 and 0 2 , and some 
is destroyed by the action of glutathione oxidase. 

Although the H 2 0 2 -MPO-halide system is the 
most efficient bactericidal system in neutrophils, 
MPO-deficient leukocytes are capable of killing 
bacteria (albeit more slowly than control cells), by 
virtue of the formation of superoxide, hydroxyl 
radicals, and singlet-oxygen (see Fig. 3-13). 

The importance of oxygen-dependent bacterial 
mechanisms is shown by the existence of a group 
of congenital disorders in bacterial killing called 
chronic granulomatous disease (CGD), which make 

patients suscepuuie iu i^uhlih — ~ 

tion. 26 CGD results from inherited defects in the 
genes encoding the several components of NADPH 
oxidase, which generates superoxide. The most 
common variants are an X-linked defect in one ot 
the subunits of the membrane-bound cytochrome 
and an autosomal recessive defect in gene encoding 
one of the cytoplasmic components. 

Bacterial killing can also occur in the absence 
of an oxidative burst, by substances in the leuko- 
cyte granules. These include bactericidal perme- 
ability increasing protein (BPI), a highly cationic 



granule-associated protein that causes phospholi- 
pase activation, phospholipid degradation, and in- 
creased permeability in the outer membrane of the 
micro-organisms; lysozyme, which hydrolyzes the 
muramic acid-N-acetyl-glucosamine bond, found in 
the glycopeptide coat of all bacteria; lactoferrin, an 
iron-binding protein present in specific granules; 
major basic protein (MBP), a cationic protein of 
eosinophils, which has limited bactericidal activity 
but is cytotoxic to many parasites; and defensins, 
cationic arginine-rich granule peptides that are cy- 
totoxic to microbes (and certain mammalian 
cells). 27 

Following killing, acid hydrolases found in 
azurophil granules degrade the bacteria within 
phagolysosomes. The pH of the phagolysosome 
drops to between 4 and 5 after phagocytosis, this 
being the optimal pH for the action of these en- 
zymes. 



Release of Leukocyte Products 

The membrane perturbations that occur in neutro- 
phils and monocytes during chemotaxis and phago- 
cytosis result in the release of products not only 
within the phagolysosome but also potentially into 
the extracellular space. The most important of 
these substances are (1) lysosomal enzymes, present 
in the neutrophil granules, (2) oxygen-derived ac- 
tive metabolites, detailed earlier; and (3) products 
of arachidonic acid metabolism, including prosta- 
glandins and leukotrienes. These products are 
powerful mediators of endothelial injury and tissue 
damage and amplify the effects of the initial in- 
flammatory stimulus. Thus, if persistent and un- 
checked, the leukocytic infiltrate itself becomes 
the offender, and indeed leukocyte-dependent tis- 
sue injury underlies many human diseases, such as 
rheumatoid arthritis and certain forms of chronic 
lung disease. This will become evident in the dis- 
cussion of chronic inflammation. 

The ways by which lysosomal granules and en- 
zymes are secreted are diverse. Release may occur 
if the phagocytic vacuole remains transiently open 
to the outside before complete closure of the phag- 
olysosome (regurgitation during feeding). In cells 
exposed to potentially ingestible materials, such as 
immune comnlexes. on flat surfaces (e.g., glomeru- 
lar basement membrane), attachment of immune 
complexes to the leukocyte triggers membrane 
movement, but, because of the flat surface, phago- 
cytosis does not occur, and lysosomal enzymes are 
released into the medium (frustrated phagocytosis). 
Cytotoxic release occurs after phagocytosis of po- 
tentially membranolytic substances, such as urate 
crystals. In addition, there is some evidence that 
certain granules, particularly the specific granules 
of neutrophils, may be directly secreted by exocy- 
tosis. 2S 
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Table 3-2. DEFECTS IN LEUKOCYTE FUNCTIONS 



DISEASE 



DEFECT 



SUMMARY OF THE ACUTE 
INFLAMMATORY RESPONSE 



Genetic 

Leukocyte adhesion defi- 
ciency 1 

Leukocyte adhesion defi- 
ciency 2 

Neutrophil specific granule 
deficiency 

Chronic granulomatous dis- 
ease 
X-linked 

Autosomal recessive 

Myeloperoxidase deficiency 
Chediak-Higashi syndrome 
Acquired 

Thermal Injury, diabetes, 
malignancy, sepsis. Immu- 
nodeficiencies 

Hemodialysis, diabetes meili- 
tus 

Leukemia, anemia, sepsis, 
diabetes, neonates, mal- 
nutrition 



Beta chain of CD 11 /CD 18 
integrins 

Sialylated oligosaccharide 
(receptor for seiectin) 

Absence of neutrophil spe- 
cific granules 
Defective chemotaxis 

Decreased oxidative burst 

NADPH oxidase (membrane 
component) 

NADPH oxidase (cytoplas- 
mic component) 

Absent MPO-H 2 0 2 system 

Multiple defects 



Chemotaxis 



Adhesion 

Phagocytosis and microbici- 
dal activity 



Modified from Gallin, J.I. (ed): Disorders of phagocytic cells. In 
Inflammation: Basic Principles and Clinical Correlates, 2nd ed. New 
York, Raven Press, 1992, pp. 860 and 861. 



Defects in Leukocyte Function 

From the preceding discussion it is obvious that 
leukocytes play a cardinal role in host defense. Not 
surprisingly, therefore, defects in leukocyte func- 
tion, both genetic and acquired, lead to increased 
vulnerability to infections (Table 3-2). 26 Impair- 
ments of virtually every phase of leukocyte 
function— from adherence to vascular endothe- 
lium to microbicidal activity — have been identi- 
fied. We have described, for example, the genetic 
deficiencies in leukocyte adhesion molecules (LAD 
types 1 and 2) and in NADPH oxidase (CGD). 
Another is the Chediak-Higashi syndrome, an auto- 
disorder characterized by neutro- 
penia, defective degranulation, and delayed micro- 
bial killing. The neutrophils and other leukocytes 
have giant granules, resulting from fusion of pre- 
dominantly azurophilic granules, which can be 
readily appreciated in peripheral blood smears. 
The molecular basis of this disease is unknown, but 
defects in microtubule function are suspected. Al- 
though individually rare, these genetic disorders 
underscore the importance of the complex series of 
leukocyte events that must occur in vivo following 
invasion by microorganisms. 



At this point it would be profitable to review the 
events in acute inflammation discussed so far. The 
vascular phenomena are characterized by increased 
blood flow to the injured area, resulting mainly 
from arteriolar ddatation and opening of capillary 
beds. Increased vascular permeability results in the 
accumulation of protein-rich extravascular fluid, 
which forms the exudate. Plasma proteins leave the 
vessels, most commonly through widened interen- 
dothelial cell junctions of the venules or by direct 
endothelial cell injury. The leukocytes, initially pre- 
dominantly neutrophils, adhere to the endothelium 
via adhesion molecules, transmigrate across the en- 
dothelium, and migrate to the site of injury under 
the influence of chemotactic agents. Phagocytosis of 
the offending agent follows, which may lead to the 
death of the microorganism. During chemotaxis and 
phagocytosis, activated leukocytes may release toxic 
metabolites and proteases extracellularly, potentially 
causing tissue damage. 



CHEMICAL MEDIATORS 
OF INFLAMMATION 

Having described the events in acute inflammation, 
we can now turn to a discussion of the chemical 
mediators that account for the events. So many 
mediators have been identified that we are con- 
fronted with an embarrassment of riches. While 
the multitude may have survival value for the or- 
ganism (and also for investigators searching for 
mediators and pharmaceutical companies for new 
drugs), they are most difficult for students to re- 
member. Here we review general principles and 
highlight some of the more important mediators. 

• Mediators originate either from plasma or from 
cells (Fig. 3-14). Plasma-derived mediators (e.g., 
complement) are present in plasma in precursor 
forms that must be activated, usually by a series 
of proteolytic cleavages, to acquire their biologic 
properties. Cell-derived mediators are normally 
sequestered in intracellular granules (e.g., hista- 
mine in mast cell granules) that need to be se- 
creted or are synthesized de novo (e.g., piosta- 
glandins) in response to a stimulus. The major 
cellular sources are platelets, neutrophils, mono- 
cytes/macrophages, and mast cells. 

• Most mediators perform their biologic activity by 
initially binding to specific receptors on target 
cells. Some, however, have direct enzymatic ac- 
tivity (e.g., lysosomal proteases) or mediate oxi- 
dative damage (e.g., oxygen metabolites). 

• A chemical mediator can stimulate the release of 
mediators by target cells themselves. These sec- 
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CHEMICAL MEDIATORS 



MAJOR CELLULAR SOURCE(S) 



CELLS ^ 
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Figure 3-14. Chemical mediators of inflammation. 



ondary mediators may be identical or similar to 
the initial mediators but may also have opposing 
activities. They provide mechanisms for ampli- 
fying — or in certain instances counteracting — 
the initial mediator action. 

• Mediators can act on one or few target cell 
types, have widespread targets, or may even 
have differing effects, depending on cell and tis- 
sue types. 

• Once activated and released from the cell, most of 
these mediators are short-lived. They quickly 
decay (e.g., arachidonic acid metabolites) or are 
inactivated by enzymes (e.g., kininase inactivates 
bradykinin), or they are otherwise scavenged 
(antioxidants scavenge toxic oxygen metabolites) 
or inhibited (e.g., complement inhibitors). There 
is thus a system of checks and balances in the 
regulation of mediator actions. 

• Most mediators may have harmful effects. We 
shall now discuss the specific mediators. 



It is considered to be the principal mediator of the 
immediate phase of increased vascular permeabil- 
ity, causing venular endothelial contraction and 
widening of the interendothelial cell junctions, as 
we have seen. It acts on the microcirculation 
mainly via Hi receptors. 

SEROTONIN. Serotonin (5-hydroxytryptamine) is a 
second preformed vasoactive mediator with actions 
similar to those of histamine. It is present in plate- 
lets and enterochromaffin cells, and in mast cells in 
rodents but not humans. 

Release of serotonin (and histamine) from 
platelets is stimulated when platelets aggregate 
after contact with collagen, thrombin, adenosine 
diphosphate (ADP), and antigen-antibody com- 
plexes. Platelet aggregation and release are also 
stimulated by platelet-activating factor (PAF) de- 













... "I^v- 















VASOACTIVE AMINES 

HISTAMINE. Histamine is widely distributed in tis- 
sues, the richest source being the mast cells that 
are normally present in the connective tissue adja- 
cent to blood vessels (Fig. 3-15). It is also found 
in blood basophils and platelets. Preformed hista- 
mine is present in mast cell granules and is re- 
leased by mast cell degranulation in response to a 
variety of stimuli: (1) physical injury such as 
trauma, cold, or heat; (2) immune reactions involv- 
ing binding of antibodies to mast cells (see Chapter 
6); (3) fragments of complement called anaphy la- 
toxins (C3a and C5a); (4) histamine-releasing pro- 
teins derived from leukocytes; (5) neuropeptides 
(e.g., substance P); and (6) cytokines (IL-1, IL-8). 

In humans, histamine causes dilatation of the 
arterioles and increases vascular permeability of 
the venules (it, however, constricts large arteries). 



Figure 3-15. A flat spread of omentum showing mast cells 
(dark blue) around blood vessels and In the Interstitial tis- 
sue. Stained with metachromatic stain to Identify the mast 
cell granules. The red structures are fat globules stained 
with fat stain. (Courtesy of Dr. G. Ma|no.) 
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rived from mast cells during IgE-mediated reac- 
tions. In this way the platelet release reaction re- 
sults in increased permeability during immunologic 
reactions. As will be discussed later, PAF itself has 
many inflammatory properties. 

PLASMA PROTEASES . 

A variety of phenomena in the inflammatory re- 
sponse are mediated by three inter-related plasma- 
derived ractors: me complement, Mum, 
ting systems (Figs. 3-16 and 3-17). 

The Complement System 

The complement system consists of 20 component 
proteins (together with their cleavage products), 
which are found in greatest concentration in 
plasma. This system functions in immunity for de- 
fense against microbial agents, culminating in lys- 
ing microbes by the so-called membrane attack 
complex (MAC). In the process, a number of com- 



plement components are elaborated that cause in- 
creased vascular permeability, chemotaxis, and op- 
sonization (see Fig. 3-16). 

Complement components present as inactive 
forms in plasma are numbered CI through C9. Al- 
though it is not our intention to go into the de- 
tailed sequence of the activation of the "comple- 
ment cascade/ ' a brief review of the salient 
features will be helpful. The most critical step in 
the elaboration of the biologic functions of com- 
plement is the activation of the third component, 
C3. Cleavage of C3 can occur by the so-called 
classical pathway, which is triggered by fixation of 
CI to antibody (IgM or IgG) combined with anti- 
gen, or through the alternative pathway, which can 
be triggered by microbial surfaces (e.g., endotox- 
ins), aggregated IgA, complex polysaccharides, en- 
dotoxins, cobra venom, and so forth. The alterna- 
tive pathway involves the participation of a distinct 
set of serum components called the properdin sys- 
tem (properdin [P], factors B and D). Whichever 
pathway is involved, C3 convertase splits C3 into 
two critical fragments — C3a, which is released, 
and C3b. C3b then binds to the fragments to form 
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Figure 3-17. Inter-relations between the four plasma mediator systems. Interrupted lines indicate that the pathway may not 
be physiologically Important. PA = plasminogen activator. 



C5 convertase, which interacts with C5 to release 
C5a and initiate the assembly of the membrane 
attack complex (C5-C9). MAC causes lysis by ini- 
tial hydrophobic binding to the lipid bilayer of tar- 
get cells, eventually forming transmembrane chan- 
nels. 

Complement' derived factors affect a variety of 
phenomena in acute inflammation: 

• Vascular phenomena. C3a, C5a, and, to a small 
extent, C4a (called anaphylatoxins) are the split 
products of the corresponding complement com- 
ponents (see Fig. 3-16). They increase vascular 
permeability and cause vasodilatation mainly by 
releasing histamine from mast cells. C5a also ac- 
tivates the lipoxygenase pathway of arachidonic 
acid (AA) metabolism in neutrophils and mono- 
cytes, causing further release of inflammatory 
mediators. 

• Leukocyte adhesion, chemotaxis, and activation. 

. r i .1 * , ~ — £U»- 
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phils, monocytes, eosinophils, and basophils. It 
also increases the adhesion of leukocytes to en- 
dothelium by activating the leukocytes and in- 
creasing the avidity of surface integrins to their 
endothelial ligand. C5a is rapidly converted in 
human serum to C5a des Arg, which is also che- 
motactic in the presence of a serum polypeptide 
called cochemotaxin. 

• Phagocytosis. C3b and C3b t , when fixed to the 
bacterial cell wall, act as an opsonin and favor 
phagocytosis by neutrophils and macrophages, 
which bear cell surface receptors for C3b. 



Among the complement components, C3 and 
C5 are the most important inflammatory mediators. 
Their significance is further enhanced by the fact 
that, in addition to the mechanisms discussed 
above, C3 and C5 can be activated by several pro- 
teolytic enzymes present within the inflammatory 
exudate. These include plasmin and lysosomal en- 
zymes released from neutrophils (see discussion 
later in this chapter). Thus, the chemotactic effect 
of complement and the complement-activating ef- 
fects of neutrophils can set up a self-perpetuating 
cycle of neutrophil emigration. 



The Kinin System 

The kinin system is directly triggered by contact 
(surface) activation of Hageman factor (factor XII 
of the intrinsic clotting pathway) described below 
nnA in Pliontpr A /cpp FiV .^-17^ The kinin svstem 

... — J- - \ O / _ i * 

results in the ultimate release of the vasoactive 
nonapeptide bradykinin, a potent agent that in- 
creases vascular permeability. Bradykinin also 
causes contraction of smooth muscle, dilation of 
blood vessels, and pain when injected into the skin. 
The cascade that eventually produces kinin is 
shown in Figure 3-17. It is triggered, as noted, by 
activation of Hageman factor by contact with nega- 
tively charged surfaces, such as collagen and base- 
ment membranes. A fragment of factor XII (pre- 
kallikrein activator, or factor Xlla) is produced, 
and this converts plasma prekallikrein into an 
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active proteolytic form, the enzyme kallikrein. The 
latter cleaves a plasma-glycoprotein precursor, 
high-molecular-weight kininogen (HMWK), to pro- 
duce bradykinin (HMWK also acts as a cofactor or 
catalyst in the activation of Hageman tactor). lne 
action of bradykinin is short-lived because it is 
quickly inactivated by an enzyme called ktntnase. 
Of importance is that kallikrein itself is a potent 
activator of Hageman factor, allowing for autocata- 
lytic amplification of the initial stimulus. Kallikrein 
has chemotactic activity, and it also directly con- 
verts C5 to C5a. 



The Clotting System 

The clotting system (see also Chapter 4) is a series 
of plasma proteins that can also be activated by 
Hageman factor (see Fig. 3-17) The final step of 
the cascade is the conversion of fibrinogen to norm 
by the action of thrombin. During this conversion 
ftbrinopeptides are formed, which induce increased 
vascular permeability and chemotactic activity for 
leukocytes. Thrombin also has inflammatory prop- 
erties, including causing increased leukocyte adhe- 
sion and fibroblast proliferation (see Chapter 4, 
Fig. 4-4). 

The fibrinolytic system contributes to the vas- 
cular phenomena of inflammation in several ways, 
(Fig 3-17). Plasminogen activator (released from 
endothelium, leukocytes, and other tissues) cleaves 
plasminogen, a plasma protein that binds to the 
evolving fibrin clot to generate plasmin, a multi- 
functional protease. (Kallikrein and activated Hage- 
man factor can also convert plasminogen to plasmin 
in vitro, but the physiologic relevance of this is 
uncertain.) Plasmin is important in lysing nbrin 
clots but in the context of inflammation it also 
cleaves C3 to produce C3 fragments, and it de- 
grades fibrin to form "fibrin split products, which 
may have permeability-inducing properties. 

From this discussion of the complex mediators 
generated by the kinin, complement, and clotting 
systems, a few general conclusions can be drawn: 

• Bradykinin, C3a, and C5a (as mediators of in- 
creased vascular permeability), and C5a as the 
mediator of chemotaxis), and thrombin (which 
has effects on many cell types) are the most 
likely to be important ;n vivo. 

• C3 and C5 can be generated by three ditterent 
groups of influences: (a) classic immunologic re- 
actions; (b) alternative complement pathway ac- 
tivation; and (c) agents with little immunologic 
specificity, such as bacterial products, plasmin, 
kallikrein, and some serine proteases found in 
normal tissue. . 

• Activated Hageman factor (factor Xlla) initiates 
the clotting, kinin and possibly the fibrinolytic 
systems. Some of the products of this initiation 
— particularly kallikrein — can, by feedback, ac- 



tivate Hageman factor, resulting in profound am- 
plification of the effects of the initial contact. 



ARACHiDONIC ACID (AA) 
METABOLITES: PROSTAGLANDINS AND 
LEUKOTRIENES (EICOSANOIDS) 

Products derived from the metabolism of AA 
(called eicosanoids) affect a variety of biologic pro- 
cesses, including inflammation and hemostasis. 
They are best thought of as autocoids, or local 
short-range hormones, which are formed rapidly, 
exert their effects locally, and then either decay 
spontaneously or are destroyed enzymatically. 

Arachidonic acid (AA) is a 20-carbon polyun- 
saturated fatty acid (5,8,1 1,1 4-eicosatetraenoic 
acid) that is derived directly from dietary sources 
or by conversion from the essential fatty acid lino- 
leic acid. It does not occur free in the cell but is 
normally esterified in membrane phospholipids, 
particularly in the carbon 2 position of phosphati- 
dylcholine and phosphatidylinositol. It is released 
from phospholipids through the activation of cellu- 
lar phospholipases by mechanical, chemical, and 
physical stimuli or by other mediators (e.g., C5a). 
AA metabolism proceeds along one of two major 
pathways (Fig. 3-18) named after the enzymes 
that initiate the reactions. 

• The cyclooxgenase pathway leads to the genera- 
tion of prostaglandins. These include PGE 2 , 
PGD 2 , PGF^, PGI 2 (prostacyclin), and throm- 
boxane (TxA 2 ), each of which is derived by the 
action of a specific enzyme. Some of these en- 
zymes have restricted tissue distribution. For ex- 
ample, platelets contain the enzyme thrombox- 
ane synthetase, and hence TxA 2 is the major 
product in these cells. TxA 2 , a potent platelet- 
aggregating agent and vasoconstrictor, is itself 
unstable and rapidly converted to its inactive 
form TxB 2 . Vascular endothelium, on the other 
hand, lacks thromboxane synthetase but posseses 
prostacyclin synthetase, which leads to the for- 
mation of prostacyclin (PGI 2 ) and its stable end 
product PGF la . Prostacyclin is a vasodilator and 
a potent inhibitor of platelet aggregation. The 
opposing roles of TxA 2 and PGI 2 in hemostasis 
are further discussed in Chapter 4. PGD 2 is the 
major metabolite of the cyclooxygenase pathway 
in mast cells; along with PGE 2 and PGF 2 (which 
are more widely distributed) it causes vasodilata- 
tion and potentiates edema formation. Aspirin 
and nonsteroidal anti-inflammatory agents, such 
as indomethacin, inhibit cyclooxygenase and thus 
inhibit prostaglandin synthesis. Lipoxygenase, 
however, is not affected by these anti-inflamma- 
tory agents. 

• In the lipoxygenase pathway, 5-lipoxygenase is 
the predominant enzyme in neutrophils, and the 
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Figure 3-18. Generation of arachidonic acid metabolites and their roles In Inflammation. 



metabolites derived by its actions are th e best 
characterized. The main product, 5-HETE, which 
is chemotactic for neutrophils, is converted into 
a family of Compounds collectively called leuko- 
trienes. LTB 4 is a potent chemotactic agent and 
causes aggregation of neutrophils. LTC 4 , LTD 4 , 
and LTE 4 cause vasoconstriction, bronchospasm, 
and increased vascular permeability. Neutrophils 
also produce trihydroxymetabolites of AA called 
lipoxins. 32 Lipoxins have both anti- and proin- 
flammatory effects, and their role in vivo is 
currently being pursued. 

Eicosanoids can mediate virtually every step 
of acute inflammation (Table 3-3). 
Prostaglandin E and prostacyclin are important 
mediators of inflammatory vasodilation. They 
also markedly potentiate the permeability-in- 



Table 3-3. INFLAMMATORY ACTIONS OF EICOSANOIDS 



ACTION 



METABOLITE 



Vasoconstriction 


Thromboxane A 2 


, leuko- 




trienes C 4 , D 4( 




Vasodilatation 


PGI 2 , PGE,, PGE 2 


, PGD 2 


Increased vascular perme- 
ability 
Chemotaxis 


Leukotrienes C 4 , 


D 4 ,E 4 


Leukotriene B 4 , HETE 



creasing and chemotactic effects of other media- 
tors. 

• The cysteinyl-containing leukotrienes C 4 , D 4 , and 
E 4 cause intense vasoconstriction and increase 
vascular permeability. The vascular leakage, as 
with histamine, is restricted to venules. They are 
also potent bronchoconstrictors. 

• Leukotriene B 4 causes aggregation and adhesion 
of leukocytes to venular endothelium and is a 
powerful chemotactic agent. Some of the other 
products of lipoxygenase metabolism, such as 
HETE, are also chemotactic. 

• The prostaglandins are also involved in the path- 
ogenesis of fever and pain in inflammation. PGE 2 
causes a marked increase in pain produced by 
intradermal injection of suboptimal concentra- 
tions of histamine and bradykinin and interacts 
with cytokines in causing fever during infections, 
as described later in this chapter. 

• Eicosanoids can be found in inflammatory exu- 
dates, and agents that suppress cyclooxygenase 
(aspirin, indomethacin) also suppress inflamma- 
tion in vivo. Glucocorticoids, which are powerful 
anti-inflammatory agents, may act at least in part 
by inducing the synthesis of a protein that inhib- 
its phospholipase A 2 . 

• Finally, variations in AA metabolism may account 
for some of the beneficial effects of fish oil. Diets 
rich in fish oil contain essential fatty acids of the 
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fat The co 3 fatty acids serve as poor substrates 
for conversion to active metabolites of the cy- 
clooxygenase and, particularly the lipoxygenase 
series Such diets inhibit platelet aggregation and 
thrombosis and prevent certain inflammatory 
processes. 
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receptors but it also boosts the synthesis of other 
mediators, particularly eicosanoids, by leukocytes 
and other cells. A role for PAF in vim is supported 
by the ability of synthetic PAF antagonists to in- 
hibit inflammation in some experimental models. 



CYTOKINES . 

Cytokines are polypeptides produced by many cell 
types (but principally activated lymphocytes and 
macrophages) that modulate the function of other 
cell types. Long known to be involved in cellular 
immune. responses (see Chapter 6), these products 
have additional effects that play important roles in 
the inflammatory response. 35 The main cytokines 
that mediate inflammation are IL-1, TNF (a and 
8), and the IL-8 family. 

IL-I and TNF share many biologic properties. 
IL-1 and TNF-a are produced by activated macro- 
phages, TNF-/? by activated T cells, and IL-1 by 
many other cell types as well. Their secretion can 
be stimulated by endotoxin, immune complexes, 
toxins, physical injury, and a variety of inflamma- 
tory processes. Like growth factors, they induce 
their effects in three ways: they can act on the 
same cell that produces them (an autocrine effect), 
on cells in the immediate vicinity (as in lymph 
nodes and joint spaces; a paracrine effect); or sys- 
temically, as with any other hormone {endocrine 
effect). Their most important actions in inflamma- 
tion are their effects on endothelium, leukocytes, 
and fibroblasts, and induction of the systemic 
acute-phase reactions (Fig. 3-20). The latter are 
relevant to the process of repair and are described 
in Chapter 2 and later in this chapter. In endothe- 



Platelet-activating factor (PAF) is another phos- 
nholipid-derived mediator. 34 Its name comes from 
its initial discovery as a factor derived from an- 
tigen-stimulated IgE-sensitized basophils which 
causes platelet aggregation and release but is now 
known to have multiple inflammatory effects. 
Chemically, it is an acetyl glycerol ether phospho- 
choline and it is synthesized from membrane phos- 
pholipids by activation of phosphohpases (FLA 2 ; 
(Fig 3-19). In addition to platelet stimulation, 
PAF causes vasoconstriction and bronchoconstnc- 
tion and at extremely low concciitrations :t in 
duces vasodilation and increased venular perme- 
ability with a potency 100 to 10,000 times greater 
than that of histamine. PAF also causes increased 
leukocyte adhesion to endothelium (by enhancing 
leukocyte integrin binding), chemotaxis, degranula- 
ion and the oxidative burst. Thus, PAF can elicit 
most of the cardinal features of inflammation A 
variety of cell types, including basophils, neutro- 
phils, monocytes, and endothelial cells, can elabo- 
rate PAF in both secreted and cell-bound forms. 
PAF acts directly on target cells via specific 
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Figure 3-20. Major effects of lnterieukin-1 (IL-1) and tumor 
necrosis factor (TNF) In Inflammation. 
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Vascular smooth muscle relaxation 
and vasodilatation 




Flauro 3-21 Two types of NO synthesis In endothelium (left) and macrophages (right). NO causes vasodilation and NO 
frle tadlcais are cytotoxic to microbial and mammalian cells. NOS = nitric oxide synthase. (Courtesy of Dr. Jeffrey 
Joseph.) 



Hum, they induce a spectrum of changes— mostly 
regulated at the level of gene transcription — 
referred to as endothelial activation. 13 In particular, 
they induce the synthesis of endothelial adhesion 
molecules, other cytokines, growth factors, eicosa- 
noids, and nitric oxide and increase surface throm- 
bogenicity of the endothelium. TNF also causes 
aggregation and priming of neutrophils, leading to 
augmented responses of these cells to other media- 
tors, and the release of proteolytic enzymes from 
mesenchymal' cells, thus contributing to tissue 
damage. 

IL-8 is a small (8000 MW) polypeptide se- 
creted by activated macrophages and other cell 
types (e.g., endothelial cells) that is a powerful 
chemoattractant and activator of neutrophils, with 
limited activity on monocytes and eosinophils. 36 Its 
most important inducers are other cytokines, 
mainly IL-1 and TNF-a. It belongs to a family of 
structurally similar small proteins, now called che- 
mokines* 6 characterized by four cysteine residues 
at identical positions. These include, in addition to 
IL-8, platelet factor 4 (PF4), a cationic protein of 
platelet alpha granules (see Chapter 4) with che- 
~~*"«tic activit* ' for neutro n hi!s, monocytes, and 
eosinophils and with histamine-releasing activity 
for mast cells; monocyte chemoattractant protein 
(MCP-1), a chemotactic and activating agent that is 
fairly specific for monocytes, and RANTES, which 
is chemotactic for thymocytes. The chemokines 
bind to a family of receptors, called serpentines, 
characterized by seven transmembrane domains 
coupled to G proteins. 37 

Both IL-1 and TNF (as well as IL-6) also in- 
duce the systemic acute-phase responses (see dis- 
cussion under section on fever) 38 associated with 



infection or injury, including fever, the production 
of slow-wave sleep, the release of neutrophils into 
the circulation, the release of adrenocorticotropic 
hormone (ACTH) and corticosteroids, and, particu- 
larly with regard to TNF, the hemodynamic effects 
of septic shock — hypotension, decreased vascular 
resistance, increased heart rate, and decreased 
blood pH. 



NITRIC OXIDE (NO) 

This is a relatively "new'* mediator of inflamma- 
tion, and the history of its discovery deserves brief 
mention. In 1980, Furchgott showed that vasodila- 
tation produced by acetylcholine requires an intact 
endothelium. 39 In response to such vasodilatory 
agents, endothelial cells produced a short-acting 
factor, endothelium-derived relaxing factor (EDRF), 
that relaxed vascular smooth muscle. Subsequently, 
it was shown that vascular endothelium produces 
NO, and this gas has the physical and biologic 
properties of EDRF. 40 NO binds to the heme 
moiety on guanylyl cyclase and activates the en- 
zyme. Through a cascade of kinases, the resultant 
increase in the concentration of cyclic guanosine 
monophosphate (cGMP) mediates relaxation and, 
consequently, produces vasodilatation. 

Nitric oxide is a soluble free radical gas that is 
produced not only by endothelial cells but also by 
macrophages and specific neurons in the brain. It 
is synthesized from L-arginine, molecular oxygen, 
and NADPH by the enzyme nitric oxide synthase 
(NOS). There are two types of NOS (Fig. 3-21). 
In endothelial cells and neurons, NOS is present 
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Figure 3-22. Ultrastructure of 
neutrophil granules stained 
for peroxidase activity and 
their constituents. The large 
peroxidase-contalnlng gran- 
ules are the azurophil gran- 
ules; the smaller peroxldase- 
negatlve ones are the 
specific granules (SG). N = 
portion of nucleus; BPI = 
bactericidal permeability in- 
creasing protein. 



constitutively and can be activated rapidly by an 
increase in cytoplasmic calcium ions in the pres- 
ence of calmodulin. Influx of calcium into these 
cells leads to a rapid production of NO. In con- 
trast, macrophage NOS is induced, when macro- 
phages are activated by cytokines (e.g., IFN-y) or 
other agents; no intracellular increase in calcium is 
required. Since the in vivo half-life of NO is only a 
matter of seconds, the gas acts only on cells in 
close proximity to where it is produced. Such a 
localized activity accounts for the specificity of its 
actions. 

In addition to vascular smooth muscle relax- 
ation, NO plays other important roles in inflamma- 
tion. It reduces platelet aggregation and adhesion, 
as described in Chapter 4. The NO produced by 
macrophages, acting as a free radical, is cytotoxic 
to certain microbes and tumor cells. It can oxidize 
sulfhydryl groups on proteins and cause a deple- 
tion of cytosolic glutathione, and it can react with 
superoxide anion to form the strong oxidant nitro- 
gen dioxide and the highly reactive hydroxyl radi- 
cal (NO f + 0 2 T > N0 2 T + OH-). 40 Uncontrolled 

NO production by activated macrophages in septic 
shock (see Chapter 4) can lead to massive periph- 
eral vasodilatation and shock, and NO has also 
been implicated in a variety of inflammatory dis- 
eases. Inhibitors of NO production are now being 
tested clinically and have been shown, for exam- 
- J ^\rm icr»Vi^mip V»rain infarcts. 
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LYSOSOMAL CONSTITUENTS 
OF LEUKOCYTES 



Neutrophils and monocytes contain lysosomal 
granules, which when released may contribute to 
the inflammatory response. Neutrophils exhibit two 
main types of granules (Fig. 3-22). The smaller 
specific (or secondary) granules contain lactoferrin, 



lysozyme, alkaline phosphatase, the components of 
NADPH oxidase, the intracytoplasmic pool of inte- 
grins, and (in human neutrophils) a collagenase. 
The large azurophil (or primary) granules contain 
MPO, bactericidal factors (lysozyme, defensins), 
acid hydrolases, and a variety of neutral proteases 
(elastase, nonspecific collagenases, proteinase 3). 
As previously explained, these enzymes are either 
released after cell death or secreted by a variety of 
mechanisms. There are, however, differences in 
the mobilization of specific and azurophil granules. 
The specific granules are secreted more readily 
and by lower concentrations of agonists, while the 
more potentially destructive azurophil granules re- 
lease their contents primarily within the phago- 
some and require very high levels of agonists to be 
released extracellularly. 42 

Acid proteases degrade proteins at an acid pH. 
Their most likely action is to degrade bacteria and 
debris within the phagolysosomes, where an acid 
pH is readily reached. Neutral proteases, on the 
other hand, are capable of degrading various extra- 
cellular components. These enzymes can attack 
collagen, basement membrane, fibrin, elastin, and 
cartilage, resulting in the tissue destruction charac- 
teristic of purulent and deforming inflammatory 
processes. Neutral proteases can also cleave C3 
and C5 directly, releasing anaphylatoxins, and re- 
lease a kinin-like peptide from kininogen. Mono- 
cytes and macrophages also contain acid hydrolases, 
collagenase, elastase, and plasminogen activator. 
These may be particularly active in chronic inflam- 
matory reactions. 

Lysosomal constituents thus have numerous ef- 
fects. The initial leukocytic infiltration, if unchecked, 
can potentiate further increases in vascular perme- 
ability, chemotaxis, and tissue damage. These harm- 
ful proteases, however, are held in check by a sys- 
tem of antiproteases in the serum and tissue fluids. 
Foremost among these is alpha 2 -antitrypsin, which 
is the major inhibitor of neutrophilic elastase. A 
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deficiency of these inhibitors may lead to sustained 
action of leukocyte proteases, as is the case in pa- 
tients with alpha! -antitrypsin deficiency (see 
Chapter 15). Alpha 2 -macroglobulin is another anti- 
protease found in serum and various secretions. 

OXYGEN-DERIVED FREE RADICALS 

These metabolites may be released extracellularly 
from leukocytes after exposure to chemotactic 
agents, immune complexes, or a phagocytic chal- 
lenge. Their production is dependent, as we have 
seen, on the activation of the NADPH oxidative 
system and generation of superoxide. Superoxide, 
in turn, is converted to H 2 0 2 , OH,' and, by com- 
bining with NO, to toxic NO derivatives. 43 They 
are implicated in the following responses. 

• Endothelial cell damage, with resultant increased 
vascular permeability. Adherent neutrophils, 
when activated, not only produce their own toxic 
species but also stimulate xanthine oxidation in 
endothelial cells themselves, thus elaborating 
more superoxide. 

• Inactivation of antiproteases, such as alphax- 
antitrypsin, discussed earlier together with 
activation of metalloproteinases. This leads to un- 



opposed protease activity, with increased de- 
struction of ECM. 
• Injury to other cell types (tumor cells, red cells, 
parenchymal cells). 

Serum, tissue fluids, and target cells possess 
antioxidant protective mechanisms that detoxify 
these potentially harmful oxygen-derived radicals. 
These antioxidants have been discussed in Chapter 
1, but to repeat, they include (1) the copper-con- 
taining serum protein ceruloplasmin; (2) the iron- 
free fraction of serum, transferrin; (3) the enzyme 
superoxide dismutase, which is found or can be ac- 
tivated in a variety of cell types; (4) the enzyme 
catalase, which detoxifies H 2 0 2 ; and (5) glutathi- 
one peroxidase, another powerful H 2 0 2 detoxifier. 
Thus, the influence of oxygen-derived free radicals 
in any given inflammatory reaction depends on the 
balance between the production and the inactivation 
of these metabolites by cells and tissues. 



OTHER MEDIATORS 



Neuropeptides, such as substance P, cause vasodila- 
tation and increased vascular permeability both di- 
rectly and by stimulating histamine release and ei- 



Table 3-4. SUMMARY OF MEDIATORS OF ACUTE INFLAMMATION 



ACTION 



MEDIATOR 


SOURCE 


Vascular Leakage 


Chemotaxls 


Other 


Histamine and serotonin 


Mast cells, platelets 


+ 






Bradyklnin 


Plasma substrate 


+ 




Pain 


C3a 
C5a 


Plasma protein via 
liver; macrophages 


+ 
+ 


+ 


Opsonic fragment (C3b) 
Leukocyte adhesion, 
activation 


Prostaglandins 


Most cells, from mem- 
brane phospholipids 


Potentiate other 
mediators 




Vasodilation, pain, fever 


Leukotriene B 4 
Leukotriene C 4 , D 4 , E 4 


Leukocytes 

Leukocytes, mast cells 


+ 


+ 


Leukocyte adhesion, 

activation 
Bronchoconstriction, 

vasoconstriction 



Oxvaen metabolites Leukocytes + ± Endothelial damage, tis- 

sue damage 



PAF 


Leukocytes; mast cells 


+ 


+ 


Bronchoconstriction 
Leukocyte priming 


IL-1 and TNF 


Macrophages; other 




+ 


Acute phase reactions 
Endothelial activation 



IL-8 Macrophages - + Leukocyte activation 

Endothelium 



Nitric oxide Macrophages Vasodilation 

Endothelium Cytotoxicity 
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Table 3-5. MOST LIKELY MEDIATORS IN INFLAMMATION 

VASODILATION 

Prostaglandins 
Nitric oxide 
INCREASED VASCULAR PERMEABILITY 

Vasoactive amines 

C3a and C5a (through liberating amines) 
Bradyklnin 

Leukotrlenes C 4 , D 4 , E 4 
PAF 

CHEMOTAXIS, LEUKOCYTE ACTIVATION 

C6a 

Leukotriene B 4 

Bacterial products 

Cytokines (IL-8) 
FEVER 

IL-UL-6, TNF 

Prostaglandins 
PAIN 

Prostaglandins 

Bradyklnin 
TISSUE DAMAGE 

Neutrophil and macrophage lysosomal enzymes 

Oxygen metabolites 

Nitric oxide 



cosanoid production by mast cells, and also 
enhance neutrophil adhesion and chemotaxis. 44 

Growth factors (platelet-derived growth factor 
[PDGF] and transforming growth factor /? [TGF-y?]), 
as we described in Chapter 2, may be chemotactic 
to leukocytes and mesenchymal cells and have 
other activities resembling those of cytokines. In- 
deed, there is so much overlap in the functions of 
cytokines and growth factors that the terms are 
now used interchangeably. Additionally, certain 
ECU components or their fragments have chemo- 
tactic activity. These will be discussed further 
under the section on chronic inflammation. 



SUMMARY OF CHEMICAL MEDIATORS 
OF ACUTE INFLAMMATION 

Table 3-4 summarizes the major actions of the 
principal mediators. When Lewis suggested that 
existence of histamine, one mediator was clearly 
not enough. Now, we are wallowing in them! Yet, 
from this menu of substances we can tentatively 
extract a few mediators that may be relevant in 

VIVO \ 1 <1U1C O — U/ . A KSt l/v*^vv.^. ^w. 

ity, histamine, the anaphylatoxins (C3a and C5a), 
the kinins, leukotrienes C, D, and E, and PAF are 
almost certainly involved, at least early in the 
course of inflammation. For chemotaxis, complement 
fragment C5a, lipoxygenase products (LTB 4 ), and 
other chemotactic lipids are the most likely protago- 
nists. Also, the important role of prostaglandins in 
vasodilation, pain, and fever and in potentiating 
edema cannot be denied. IL-1 and TNF are involved 
with endothelial leukocyte interactions and with 
acute-phase reactions. Lysosomal products and oxy- 



gen-derived radicals are tlxe most likely candidates 
as causes of the ensuing tissue destruction. NO is 
involved in vasodilatation and cytotoxicity. 

OUTCOMES OF 

ACUTE INFLAMMATION 

The discussion of mediators completed the basic 
description of the relatively uniform pattern of the 
inflammatory reaction encountered in most inju- 
ries. Recall that, although hemodynamic, permeabil- 
ity, and white cell changes have been described se- 
quentially and may be initiated in this order, all 
these phenomena in the fully evolved reaction to 
injury are concurrent in a seemingly chaotic but 
remarkably organized multiring circus. As might be 
expected, many variables may modify this basic 
process, including the nature and intensity of the 
injury, the site and tissue affected, and the respon- 
siveness of the host. 

In general, however, acute inflammation may 
have one of four outcomes (Fig. 3-23): 

1. Complete resolution. In a perfect world, all 
inflammatory reactions, once they have succeeded 
in neutralizing the injurious stimulus, should end 
with restoration of the site of acute inflammation 
to normal. This is called resolution and is the usual 
outcome when the injury is limited or short-lived 
or when there has been little tissue destruction. 
Resolution involves neutralization of the chemical 
mediators, with subsequent return of normal vas- 
cular permeability, cessation of leukocytic infiltra- 
tion, and finally removal of edema fluid and pro- 
tein, leukocytes, foreign agents, and necrotic 
debris from the battleground (Fig. 3-24). Lym- 
phatics and phagocytes play a role in these events, 
as we shall see. 

2. Healing by connective tissue replacement (fi- 
brosis) occurs after substantial tissue destruction, 
or when the inflammatory injury occurs in tissues 
that do not regenerate, or when there is abundant 
fibrin exudation. When the fibrinous exudate in 
tissue or serous cavities (pleura, peritoneum) can- 
not be adequately resorbed, connective tissue 
grows into the area of exudate, converting it into a 
mass of fibrous tissue — a process also called orga- 
nization. 

3 Abscess formation, which occurs particularly 
in infections with pyogenic organisms. 

4. Progression of the tissue response to 
chronic inflammation, which will be discussed next, 
may follow acute inflammation, or the response 
may be chronic almost from the onset. Acute to 
chronic transition occurs when the acute inflamma- 
tory response cannot be resolved, owing either to 
the persistence of the injurious agent or to some 
interference in the normal process of healing. For 
example, bacterial infection of the lung may begin 
as a focus of acute inflammation (pneumonia), but 
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RESOLUTION 




Figure 3-23. Outcome of acute Inflammation (see text). 



its failure to resolve may lead to extensive tissue 
destruction and formation of a cavity in which the 
inflammation continues to smolder, leading eventu- 
ally to a chronic lung abscess. Another example of 
chronic inflammation with a persisting stimulus is 




Figure 3-24. Events in the resolution of Inflammation: (1) 
return to normal vascular permeability; (2) drainage of 
edema fluid and proteins into lymphatics or (3) by plnocy- 
tosls Into macrophages; (4) phagocytosis of neutrophils; 
(5) necrotic debris by macrophages; and (6) disposal of 
macrophages. Note the central role of macrophages In 
resolution. (Modified from Haslett, C, and Henson, P.M.: in 
Clark, R. f and Henson, P.M. (eds.): The Molecular and Cellu- 
lar Biology of Wound Repair. New York, Plenum Press, 
1988.) 



peptic ulcer of the duodenum or stomach. Peptic 
ulcers may persist for months or years and, as we 
shall see, are manifested by both acute and chronic 
inflammatory reactions. 

We shall now proceed to a more detailed ac- 
count of chronic inflammation. 

CHRONIC INFLAMMATION 

Although difficult to define precisely, chronic in- 
flammation is considered to be inflammation of 
prolonged duration (weeks or months) in which ac- 
tive inflammation, tissue destruction, and attempts 
at healing are proceeding simultaneously. While it 
may follow acute inflammation, as described ear- 
lier, chronic inflammation frequently begins insidi- 
ously, as a low-grade, smoldering, often asympto- 
matic response. Indeed, this latter type of chronic 
inflammation includes some of the most common 
and disabling of human diseases, such as rheuma- 
toid arthritis, atherosclerosis, tuberculosis, and the 
chronic lung diseases. Such inflammation arises 
under the following settings: 

• Persistent infections by certain microorganisms, 
such as tubercle bacilli, Treponema pallidum 
(causative organism of syphilis), and certain 
fungi. These organisms are of low toxicity and 
evoke an immune reaction called delayed hyper- 
sensitivity (see Chapter 6). The inflammatory re- 
sponse sometimes takes a specific pattern called 

. 7 „ ~J-^~ , n ^s+nnlinmn . w /-» V"> i lofor 

in this chapter. 

• Prolonged exposure to potentially toxic agents, ei- 
ther exogenous or endogenous. Examples are non- 
degradable inanimate material, such as particu- 
late silica inhaled for a prolonged period that 
results in a lung inflammatory disease called sili- 
cosis (Chapter 15); and plasma lipid components, 
which, if chronically elevated, induce atheroscle- 
rosis (Chapter 11). 

• Under certain conditions, immune reactions are 
set up against the individual's own tissues, lead- 
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Figure 3-25. Chronic Inflammation In the lung, showing all 
three characteristic histologic features: a collection of 
chronic Inflammatory cells; replacement by connective 
tissue (fibrosis); and destruction of lung parenchyma— 
normal alveoli are replaced by spaces lined by cuboldal 
epithelium. 



ing to autoimmune diseases (see Chapter 6). In 
these diseases, autoantigens evoke a self-perpet- 
uating immune reaction that results in several 
common chronic inflammatory diseases, such as 
rheumatoid arthritis and lupus erythematosus. 

In contrast to acute inflammation, which is 
manifested by vascular changes, edema, and largely 
neutrophilic infiltration, chronic inflammation is 
characterized by (1) infiltration with mononuclear 
cells, which include macrophages, lymphocytes, and 
plasma cells, a reflection of a persistent reaction to 
injury, (2) tissue? destruction, largely induced by the 
inflammatory cells, and (3) attempts at repair by 



connective tissue replacement, namely proliferation 
of small blood vessels (angiogenesis) and, in partic- 
ular, fibrosis (Fig. 3-25). We shall now review 
these manifestations of chronic inflammation and 
discuss the mechanisms underlying them. 



MONONUCLEAR INFILTRATION 



The macrophage is the prima donna of chronic in- 
flammation, and we shall begin our discussion with 
a brief review of its biology. 46 

Macrophages are but one component of the 
mononuclear phagocyte system (MPS), previously 
known as the reticuloendothelial system (RES) 
(Fig. 3-26). The MPS consists of closely related 
cells of bone marrow origin, including blood mon- 
ocytes, and tissue macrophages. The latter are dif- 
fusely scattered in the connective tissue or clus- 
tered in organs such as the liver (Kupffer's cells), 
spleen and lymph nodes (sinus histiocytes), and 
lungs (alveolar macrophages). All arise from a com- 
mon precursor in the bone marrow, which gives 
rise to blood monocytes. From the blood, mono- 
cytes migrate into various tissue and transform into 
macrophages. The half-life of blood monocytes is 
about one day, whereas the life span of tissue mac- 
rophages is several months. 

As discussed previously, monocytes begin to 
emigrate relatively early in acute inflammation, 
and within 48 hours they constitute the predomi- 
nant cell type. Extravasation of monocytes is gov- 
erned by the same factors involved in neutrophil 
emigration, namely adhesion molecules and chemi- 
cal mediators with chemotactic and activating 




Figure 3-26. Maturation of mononuclear phagocytes. (With permission from Abbas, A. K. t et al.: Cellular and Molecular 
Immunology. 2nd ed. Philadelphia, W.B. Saunders Co., 1994.) 
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T eukocyte and endothelial cell adhesion molecules play an 
L mpclnt role in inflammatory and immune responses 
(1 2). The mmal steps in leukocyte emigration in response 
o inflammatory stimuli involve leukocyte rolling that is 
mediated primarily by interactions between selecuns and 
electin l.gand molecule. (3). P-selectin is expressed on en- 
do helium and platelets, E-selectin on endothelium, and 
L ! electin on the majority of leukocytes. Selecuns bind to 
ca bohydrate portions of glycoproteins that serve as sele« n 
Ueands many of which are mucin-hke proteins (4-7). Leu 

rolling is followed by firm attachment and emigra- 
nt processes largely dependent on the interaction he 
Pa oocyte mtegrms and ^ ^^^Z 
hers including Iuaivi-i - 

leukocyte mtegrms are heterod.menc proteins and include 
LFA-U«,^) Mac-! (a M P 2 ), pl5().95 (a ; .P 2 ), and « (P 

The functional importance of these adhesion molecu s 
i, demonstrated by the occurrence of two human genetK 
disorders, leukocyte adhes.on deficiency types I ... , 
(LAD UUy (% LAD I is caused by genetic deficient ot 
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the common (3-subumt of the p 2 leukocyte integrms 
CD 8) -d is charactenzed by increased granulocyte 
ounts impaired leukocyte emigration an d -ceptibi ty 
to life-threatening bacterial infections (10, 11). LAD II 
caused by an unspecified defect in fucose metabolism and » 
To characterized by increased granulocyte counts, and re- 
r nt baaenal .nLtions (12, 13). The def ect in fucose 
metabolism is thought to affect the carbohydra portion 
ofselectin ligand molecules. The known LAD II patients 
1 suffer from a vanety of disorders outside the — 
svstem leading to severe mental retardation ^and ^.hon «a - 
ure (12) The functional abnormality in LAD 1 is pnmar 
S ^impairment of firm adhesion and cnugrado^here» 
impaired leukocyte rolling is characteristic of LAD II (A 

,4 w! } are studying the functional importance and the 
fccts of genetic deficiency for the selectin molecule The 
hrce kntwn selectins (L, 1>, and E) occur as a gene cluster 
m micc arl d humans (16), and null mutations tor each of 
the individual genes have been reported us.ng 8^ " V 
in,, in m.ce (17-20). Modest reductions of eukocyte ro g 
m d emigration occur in mice lacking L-se ect.n or P-selcc- 
hut not in mice lacking E-selectm, and all three mutant 
: ,. reman, healthy under normal laboratory conditions 
(17 -21). To further define the role ot selectins ,n intlam- 
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matory responses, we have prepared a line of mice with 
null mutations in both endothelial selectins (P and E); and 
find that these mice demonstrate spontaneous susceptibility 
to infections with a phenotype of leukocyte adhesion defi- 
ciency. 



Materials and Methods 

Gene Targeting for E-Selecttn. A cONA for mouse E-selectin 
(gift of Chnstie Ballantyne, Baylor College of Medicine) was used 
to screen a 129/Sv genomic library (Stratagene, La Jolla, CA); ge- 
nomic clones were partially characterized using restriction digests 
and PCR and compared to the published genomic structure (22). 
An E-selectin replacement construct was generated by replacing 
~1 4 kb of DNA between the PstI site in exon 4 and the Hindlll 
site in exon 6 with an HPRT minigene (23); (gift of Allan Brad- 
ley Baylor College of Medicine). This construct was electropo- 
rated into P-selectin mutant AB2.1 ES cells (24) carrying the pre- 
viously described P-selectin mutation (20). Digestion with EcoRI 
and hybridization with the probe indicated were used to identify 
homologous recombinants on Southern blots Several clones were 
isolated that correctly targeted the E-selectin gene, and injection 
of one of these clones into C57BL/6 embryos resulted in germ- 
line transmission. This construct was also used to generate mice 
deficient in E-selectin alone following electroporation into un- 
mampulated AB2.1 embryonic stem (ES) cells. All mice used in 
these experiments were from a mixed 129/Sv and C57BL/6 
background and were kept in a specific pathogen-free barrier fa- 
cility. Only mutant mice that had no hair loss and no symptoms 
of opportunistic infection or lymphadenopathy were used in the 
experiments described. 

Pathology. Necropsies were performed on 12 affected E-/P- 
selectin-deficient mice and compared with four age-matched 
control mice. Tissue was obtained from major organ systems as 
well as cervical and penoral skin, gingiva, and oral mucosa. The 
tissue was fixed in formalin, embedded in paraffin and examined 
following hematoxylin and eosin staining. Additional tissue was 
cryopreserved at -80°C for immunocytochemical studies. Bacte- 
rial and fungal cultures were performed from lymph node, lung, 
liver, spleen, and blood. Methenamine silver and gram stains, for 
the detection of fungi and bacteria, were performed on tissue sec- 
tions. Immunocytochemical studies were performed on deparaf- 
fimzed sections of the enlarged cervical lymph nodes using kappa 
and lambda light chain antibodies (Dakopatt, Carpintera, CA) to 
determine if the plasmacytoid lymphocytic proliferation was 
monoclonal. Portions of lung were fixed in glutaraldehyde and 
processed for electron microscopic examination. 

Intravital Microscopy Experiments. Mice were anesthetized ex- 
actly as described (21). Some animals were pretreated with an m- 
trascrot?.! injprrion of 0.5 ixg mouse TNF-a (Genzyme, Cam- 
badge, MA) in 0.3 ml saline for 2 to 2.5 h. The cremaster muscle 
was prepared for intravital microscopy as described (21, 25), and 
supcrfused with thermocontrolled (37°C) bicarbonate-buffered 
saline as described (26). Microscopic observations were made on a 
Zeiss Axioscope {salt water immersion objective 40/0.75 numeri- 
cal aperture) as described previously (27). Microvascular center- 
line red blood cell velocity was measured using a dual phototran- 
sistor and an automatic tracking correlator implemented on a 
personal computer based on software described previously (28). 
Throughout the experiment, small blood samples (20 pJ each) 
were withdrawn from the carotid catheter at -45-min intervals 
and analyzed tor leukocyte concentration (hemocytometer) and 



differential leukocyte counts (Leukostat, Fisher-Scientific, Pitts- 
burgh, PA). Microvessel diameter was measured interactively us- 
ing a digital image processing system (28), and rolling leukocyte 
flux was determined by counting the number of leukocytes passing 
each venule as desenbed (21). Total leukocyte flux was estimated 
as the product of measured systemic leukocyte concentration and - 
blood volume flow calculated from the venule cross-sectional 
area multiplied with mean blood flow velocity. Leukocyte rolling 
flux fraction is defined as the flux of rolling leukocytes as a per- 
centage of total leukocyte flux, which is independent of variations 
in systemic leukocyte counts. Leukocyte rolling flux fraction 
in E-selectin/P-selectin-deficient mice was compared with age- 
matched wild-type controls using Student's f-tcst. 

Peritonitis Studies. Anesthetized mice received an intravenous 
injection of t25 I-albumin into the tail vein, and edema formation 
was calculated as desenbed (20). After 15 mm, Streptococcus pneu- 
moniae (1-5 >: 10 9 organisms /mouse) were injected in the perito- 
neal space. After either 4 or 24 h (n = 5 in each group), the mice 
inhaled an overdose of halothane. The peritoneal space was lav- 
aged using 5 ml of phosphate-buffered saline three times for a to- 
tal of 15 ml. The circulating neutrophil counts and neutrophil 
counts in the peritoneal lavage fluid were quantitated using a 
hemocytometer and Wnght-stained smears on cytospin prepara- 
tions. The clearance of bacteria from the peritoneal space was de- 
termined by measuring the number of colony-forming units 
(CFU) in the peritoneal instillate and in the peritoneal lavage 
fluid after 4 or 24 h. 



Results 

Gene Targeting o/E- and P-Selectin. Since E-selectin and 
P-selectin are tightly linked members of a gene cluster (16), 
the double mutation could not be obtained by breeding the 
single mutations, and it was necessary to introduce both 
mutations onto a single chromosome in ES cells. An ES cell 
line carrying the previously reported P-selectin mutation 
(20) was electroporated with a plasmid construct designed 
to produce a null mutation in E-selectin (Fig. 1 a). Only 
50% of the targeted cell clones would be expected to carry 
both mutations on the same chromosome as is required to 
produce double homozygous mice. Chimeric males ob- 
tained from one clone, P2D6, transmitted both mutations 
on the same chromosome to their progeny, and double ho- 
mozygous mice were obtained by intercrossing as docu- 
mented by Southern blotting (Fig. 1 b). The same plasmid 
construct was used to obtain mice carrying the null muta- 
tion for E-selectin alone. 

Phenotype of E-/P-Se\ectin Deficient Mice. There was no 
evidence for prenatal or early postnatal lethality in the dou- 

ble homozygous mice, me cvmcun. — - 

mutation represents a null allele was published previously 
(20). The E-selectin mutation is predicted to be a null mu- 
tation since a portion of exon 4, all of exon 5, and a portion 
of exon 6 are deleted, leaving no mechanism for synthesis 
of the normal protein (Fig. 1 a). Immunohistochemical 
staining of lung tissue from the F-/P-selectin double mu- 
tant mice, and from the single mutant mice using mono- 
clonal antibodies against E- or P-selectin, tailed to show 
any reactivity for the mutated gene(s) after intratracheal ad- 
ministration of Escherichia coli endotoxin (data not shown). 
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In contrast to the healthy status of mice carrying either 
the E- or P-selectin mutation alone, double homozygous 
mice began to show abnormalities at variable ages after 
weamng. Findings included nonulcerative excoriative skin 
lesions with hair loss in the head and neck regions, general- 
ized redness and swelling of the oral mucosa, and over- 
growth of the mandibular and maxillary incisors (Fig. 2 a). 
Clipping of the incisors regularly was necessary for the 
mice to feed. These manifestations were present in a few 
mice by the time of weaning, and the proportion of af- 
fected mice increased continuously so that >90% had obvi- 
ous signs of the disease by 6-8 mo of age. 

Leukocyte counts in E-/P-selectin double mutant mice 
without obvious signs of disease were extremely elevated 
for neutrophils, lymphocytes, and monocytes; mean/ llI ± 
SEM were as follows: 12,020 ± 200 neutrophils for mu- 
tants versus 1690 ± 690 for controls; 10,930 ± 1224 lym- 
phocytes for mutants versus 4930 ± 249 for controls; and 
873 ± 188 monocytes for mutants versus 148 ± 13 for 
ronrrols (all P <0.001). Blood smears revealed a marked 
increase in immature as well as mature neutrophils. 

Histologic sections from affected skin and oral mucosa 
showed loss of the overlying squamous epithelium and su- 
perficial colonization of these tissue surfaces by bacteria 
(Fig. 2 />); cultures were positive for Staphylococcus aureus, 
Iisciicnchia coli, Fjitavcoccus faecium, and other common bac- 
terial flora. These organisms did not invade the underlying 
dermis or submucosa, and these regions contained a mixed 
granulocytic and mononuclear cell infiltrate. Histologic 
'sections of the oral cavity also demonstrated periodontitis 
with a chronic leukocytic infiltrate of the periodontal tissue 



and evidence of gingival recession. A few mice spontane- 
ously developed conjunctivitis with bacterial flora similar to 
that recovered from infected skin. Repetitive cultures for 
bacterial and fungal organisms taken from blood, spleen, 
liver, lymph node, and lung were negative. 

Necropsy examination also revealed massive cervical 
lymphadenopathy (Fig. 2 c) due to replacement of the 
nodal architecture with an infiltrate consisting predomi- 
nantly of plasmacytoid lymphocytes and plasma cells on 
histologic examination (Fig. 2 d). Increased numbers of 
plasma cells were also observed in sections from spleen and 
bone marrow in affected mice. Immunohistochemical stain- 
ing of plasma cells with kappa or lambda chain antibodies 
was positive for both, indicating that the proliferation was 
not monoclonal (data not shown). The IgG levels in serum 
of double mutant mice were increased ^10-fold; mean ± 
SEM were as follows: 34,760 ± 4312 fig/ml for mutants ver- 
sus 3339 ± 708 Lig/ml for controls (P <0.0001). IgM lev- 
els were not significantly increased. The accumulation of 
plasma cells in the cervical lymph nodes is unusual com- 
pared to what is observed in unomc bacterial mictions 
due to various forms of leukocyte dysfunction and may im- 
ply a defect in plasma cell traffic in addition to the chrome 
infection (9). 

Paraffin-embedded histologic sections of lung tissue re- 
vealed an increased cellulanty in the alveolocapillary walls 
and no emigration of leukocytes into the alveolar space or 
the airways' The most staking observation on ultrastruc 
tural studies was that the increased cellulanty was due to a 
large increase in the number of neutrophils and other leu- 
kocytes margmated within the capillary lumma. Many of 
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these margmated neutrophils (24%) showed ultrastructur 1 
fcawres of apoptosis. Almost no neutrophils had spontane- 
ously migrated ,nto either the ii.erst.tiun> or the alveolar 

^Uukocyte Roll^. In order to investigate the effects of 
the combined deficiency of E- an J "-select.,, on leukocyte 
rolling we used intravital microscopy to determine the 
eukocyte rolling flux fraction in venules of the cremaste 
muscle^!, 27) "hi this model, the muscle was ^extenonzed 
(which provides a mild inflammatory stimulus), and ollmg 
was assessed for 2 h. In P-selectin-defiaent mice, rolling is 
m tiaTy absent, and the rolling leukocyte flux fraction ,n- 
cre es over time (21). In contrast, L-select,n mutant mice 
Sly normal initial rolling with the factum of roUmg 
leukocytes declining significantly at later times 21)^ We 
have not observed a significant reduction m roll ng flux 
fraction in E-selectm mutant mice (data not shown). How- 
" el leukocyte ro.Ung is induced in ^™ ™™°[ 
P-selectin/ICAM-1 double mutant mice by TNF-a a cy 
Lkme that stimulates expression of both E- and P-selectin 
and this rolling is blocked by antibodies to either E- or 
lectin (21 27). In the E-/P-select.n double mutant 
Jcc studied before onset of obvious disease symptoms, 
Oocyte rolling was completely absent in ^u^Hhe 
cremaster muscle at all time points up to 2 h ^«£™ r 
ization and when mice were predated with TNF-a (Fig. 
3) The leukocyte rolling flux was <0.5% of leukocv te 
passing through'the vessels m all cases. Isolate eukocyt. 
were seen to firmly attach to the vessel wall in TNF-cx 

tK Strtwccaus Pmumomae-induced Peritonitis We also ex- 
amined neutrophil emigration during Streptococcus pneumo- 
I-.nduced peritonitis to further assess leukocyte function 
double mutant mice. Previous studies m mice with sm- 
g le selectin deficiencies have shown a positive correlation 
between impairment of leukocyte rolling in P-selectin- and 
L sTlectm-deficient mice with reductions ,n neutrophil 
emigration during peritonitis (17, 19, 20). In response to* 
p ncLo,uae, the E-/P-select,n double ™™™<*^£ 
complete absence of neutrophil emigration at 4 h after in- 
ol ation compared to a moderate reduction m P-se lecnn- 
deficient mice and normal emigration m E-*lef n-defi- 
cient mice (Table 1). Neutrophil emigration ,n double mutant 
m e was increased between 4 and 24 h, resulting .n accu- 
mulation of Similar numbers of intraperi.onea neutrophils 
compared to wild-type mice at 24 h. Edema formation in 
the peritonitis model correlated weil w.iu neutrop.;i. ..... 

tatLn with significant reduction in double mutant mice 
tnd l>-selcctm-dcf,cicnt mice at 4 h. Edema was sign, - 
ontlv increased in E-/l>-selecun double mutants at 24 1, 
Clearmce of S. piwumouuu- from the peritoneal space was 
^d^entforLvoftheiinitantiiiiceai^h.butwasSig.. 

nificnntlv reduced at 24 h in the double mutant « 
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L-Sclecnn Expression. The defect observed m the E-/ 
P-selectin double mutant mice is the most severe defi- 
ciency of leukocyte rolling described in any selectin-def - 
cient mouse to date, suggesting that L-selectin and possible 
selectin-mdependent mechanisms are insufficient to pro- 
de the adhesive forces necessary for rolling Th B observa- 
tion is of particular interest in view of the deficiency of leu- 
kocyte rolling observed in L-selectin-def,cient mice (19. 
"l) suggesting that L-select.n is required for effective rcl - 
mi but ly itself is not sufficient. To further clarify the role 
of L-selectin in E-/P-selectin mutant mice, its expression 
on the surface of peripheral blood leukocytes was examined 
bv flow cytometry. Both older (8-10 wk) ^ J 
wk) mice displayed a substantial reduction ( 1/6 to 1/8 of 
nlial mean' channel fluorescence) of L-select,n expres- 
sion on Gr-1 -positive granulocytes (data not shown). Ex- 
"ession of L-select,n on Thy 1.2-positive lymphocytes was 
S o reduced to about one half of normal. However, when 
m4S-nos,t,ve bone marrow cells from E-/P-selectm dou- 
ble mutant mice were analyzed, the expression o. 
nn wa , KO-85% of normal. These observations sups hat 
the- reduction in l.-selectm on the surface of peripheral leu- 
Ltes mav be due to increased shedding and activation in 
association with chronic infection ^^"^^ 
els of l.-selectm expression on neutrophils from LAD I pa- 
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Table 1 . S. pneumoniae-induced Peritonitis 



Mutation 

Wild type 

P-selectin 

E-selectin 

E-/P-selectin 

Wild type, no organisms 

E-/P-selectin, no organisms 



Neutrophil 
accumulation 



4 h 

Edema 
formation 



Bacteria 
recovered 



Neutrophil 
accumulation 



24 h 

Edema 
formation 



Bacteria 
recovered 



0.57 


± 0 15 


8.0 ± 0.8 


40 ± 7 


4.55 


•+■ 


2.04 


3.2 


-h 


0.5 


0.3 ± 0.3 


0.19 


± 0 003* 


3.8 ± 1.1* 


44 ± 10 


2.84 


■+- 


0.39 


3.9 


-+- 


0.6 


16 ± H 


0.37 


± 0.07 


5.7 ± 1.5 


32 ± 14 


2.56 


-+- 


0 18 


2.9 




0.5 


28 ± 28 


0.06 


± o.or 


2.1 ± 0.7* 


39 ± 13 


6.51 


-+- 


1,76 


6. ( > 




1 1* 


102 ± 53* 


0.01 


± 0.01 


0.5 ± 0.1 


N.D. 


0.01 


-+- 


0.00 


0.9 




0 1 


N.D. 




N.D. 


N.D. 


N.D. 


0.04 


-+- 


0.01 


1.3 




0.1 


N.D. 



Neutrophil emigration is expressed as the number of neutrophils X KTVml pentoneal lavage fluid. The formation of edema is expressed as the per- 
cent of ^I-albumin recovered in the pentoneal fluid. Clearance of 5. pneumoniae from the peritonei space is expressed as percent recovery of organ- 
isms instilled in the peritoneal lavage fluid. Data are expressed as mean ± SEM. N.D. = not determined. 
^Significantly less than value observed in wild-type mice that received organisms, P <0.05. 
* Significantly greater than value observed in wild-type mice that received organisms, P <0.05. 



tients, but normal expression on neutrophils from LAD II 
patients have been reported (15, 31). The absence of leu- 
kocyte rolling in the venules and of neutrophil emigration 
into the peritoneum of E/P-selectin double mutant mice 
may therefore result from complete loss of E- and P-selec- 
tin on endothelial cells and perhaps a partial loss of L-selec- 
tin on leukocytes. 

Discussion 

The role of selectins has been evaluated using one or 
more blocking monoclonal antibodies in wild-type mice 
and using single selectin mutations with or without addi- 
tional monoclonal antibodies. The results indicate that in- 
activation of multiple selectins leads to severe defects in 
early leukocyte rolling and/or peritoneal emigration of 
neutrophils (18, 21, 32). Monoclonal antibodies are not 
suitable for chronic administration, but long term observa- 
tions of single mutant mice reveals no evidence of sponta- 
neous infection. Here we demonstrate genetic deficiency 
of E- and P-selectin in mice results in increased susceptibil- 
ity to spontaneous infections over time. In the human syn- 
drome LAD type II, a disease that affects the expression of 
sialyl Lewis X and thus selectin ligands, the two patients 
described suffer from recurrent bacterial infections, neutro- 
philia, and a decrease in neutrophil rolling (v, 12-13). 
Given the hypothesis that LAD type II is primarily a defect 
of selectin Hgand expression on leukocytes, it is instructive 
to compare this with the double deficiency of endothelial 
selectins in mice. Generally the phenotyes are quite similar, 
although expression of L-selectin is normal on LAD II 
granulocytes and is reduced in the selectin-deficient mice. 
We have observed no evidence for neurological damage or 
abnormal growth patterns in the double mutant mice. 

In the peritonitis studies reported here, the most remark- 
able finding was that the E^/P-sclectm double mutant mice 
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showed a complete defect in neutrophil emigration at 4 h, 
but no defect compared to wild-type mice at 24 h. This is 
in contrast to either single mutation, since the P-selectin 
mutant mice showed only a partial reduction at 4 h and no 
defect at 24 h, while E-selectin mutants were similar to 
wild-type mice at both time points. Thus, the initial defi- 
ciency of rolling in E-/P-selectin double mutant mice is 
not associated with absence of 5. pneumoniae-induced neu- 
trophil emigration at later times points. Leukocyte emigra- 
tion is also not completely deficient in other tissues as illus- 
trated by the observation of a mixed inflammatory infiltrate 
in the dermis and epidermis of infected skin from E-/P-selec- 
tm double mutant animals. This result suggests that other 
E- and P-selectin-independent mechanisms can mediate 
adhesion and emigration. It is possible that the poorly con- 
trolled bacterial proliferation provides a greater stimulus 
which now recruits additional adhesion pathways. There is 
other evidence for differences in adhesion molecules in- 
volved in acute inflammatory responses within the first 6 h 
compared to 24-48 h (33, 34). These double mutant mice 
will be extremely valuable for delineation of the mecha- 
nisms and molecules that allow neutrophil emigration at 
later times. 

It is interesting that L-selectin mutant mice show partial 
reductions in neutrophil emigration into the peritoneal 

a 11 AQ U -InntKr i-hirurlvrnlbf-p-indnrrd 

peritonitis (19, 34). The reduction observed at later time- 
points in L-selectin-deficient mice compared to normal 
emigration for the other mutants may indicate a separate 
role for L-selectin that is not shared by E- and P-selectin. 
However, the differences in the two models (a single 
chemical stimulus vs. proliferating bacteria) may affect the 
nature and the extent of the stimulation of adhesive path- 
ways and may contribute to the differences observed at 24 h. 

These data raise questions regarding the extent to which 
the functions of selectins (particularly E and P) are distinct 

H-/T-Si'lcctin Double Mutant Mice 
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. i • „ rV , at t he roles of E- and P-selectin 
Ser cTanfy the distinct roles of individual molecules. 
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Summary 



The Initial rolling interaction of leukocytes w,th the 
blood vessel wall during leukocyte trafficking has been 
postulated to rely on members of the selectin family 
of adhesion molecules. Two selectins, E-select.n and 
P-selectin, have been identified that are expressed on 
activated endothelial cells. Mice deficient in E-selectm 
expression have been produced in order to examine 
the role of this selectin in leukocyte trafficking. M.ce 
homozygous for an E-selectin null mutation were via- 
ble and exhibited no obvious developmental alter- 
ations E-selectin-deficient mice displayed no s.gn.fi- 
cant change in the trafficking of neutrophils in several 
models of inflammation. However, blocking both 
endothelial selectins by treatment of the E-select.n- 
deficient animals with an anti-murine P-select.n anti- 
body 5H1, significantly Inhibited neutrophil emigra- 
tion in two distinct models of inflammation. While 
neutrophil accumulation at early times during th.ogly- 
i„,<,. ~„h noritnnHis was dependent on P-selec- 
torneutrophiraccumulation at later time points was 
blocked by 5H1 only in E-selectin-deficient mice but 
not in wild-type mice. Similarly, edema as well as leu- 
kocyte accumulation In a model of delayed-type hyper- 
sensitivity in the skin was almost completely pre- 
vented by blockade of P-selectin function with 5H1 in 
the E-selectin-deficlent mice while the same treatment 
had no effect In wild-type mice. These data demon- 
strate that the majority of neutrophil migration In both 
models requires an endothelial selectin but that 
E-selectln and P-selectin are functionally redundant 
These data have Important Implications In the use of 
selectin antagonists In the treatment of Inflammatory 
disease. 



Introduction 

The ability of leukocytes to leave the circulation and enter 
specific tissues is critical for the local control of infections 
and for the repair of injured tissue. In addition, the inappro- 
priate or abnormal accumulation of immune cells at spe- 
cific sites is a central component in the development of 
a variety of autoimmune diseases and immune cell-medi- 
ated tissue injury. The process by which leukocytes rm- 
qrate out of the circulation has been suggested to involve 
at least three distinct steps (Butcher. 1991; Sponger 
1994) The initial interaction appears to be transient and 
of low affinity, resulting in the rolling of leukocytes along 
the blood vessel wall. Then, the leukocytes become acti- 
vated presumably owing to locally acting factors pro- 
duced by the endothelium, resulting in the arrest and firm 
adhesionof cells to the endothelium. Rnally.the leukocyte 
traverses the endothelial layer (diapedesis). The initial roll- 
ing of cells has been suggested to rely on the functions 
of the selectin family of proteins, while firm adhesion and 
diapadesis appear to be mediated by the interaction of 
immunoglobulin superfamily members expressed on en- 
dothelial cells with integrin molecules expressed on leuko- 
cytes (Von Andrian et al.. 1991; Lawrence and Spnnger. 

19 TheS2tin family of proteins consists of three mem- 
bers L-selectin. P-selectin. and E-selectin (Bevilacqua et 
al 1989; Johnston et al.. 1989; Lasky et al.. 1989; for 
review see Bevilacqua. 1993). All selectins share a highly 
conserved structure with an N-terminal lect.rvl.ke (LEC) 
domain, an epidermal growth factor-like (EGF) domain, 
a variable number of complement regulatory prote.n-l.ke 
(CRs) domain, and a single transmembrane and short cy- 
toplasmic domains. All selectins recognize Ikjands con- 
taining specific carbohydrate moieties (for r eview see 
Paulson 1 992). and structural studies have identified criti- 
cal regions and amino acids within the LEC domain re- 
quired for mediating this interaction (Kansas et al.. 1991 . 
Erbe et al.. 1992; Graves et al.. 1993). The l.gands or 
coreceptors for the selectins all appear to be isr^ific pro- 
teins or glyco.ipids. which are decorated ^ 
X or highly related carbohydrates (Larson et al.. 1990. 

M : „. ai ioqa- Raumhueter et 

Laskvetai., israt, iton."-"» ~- — ■ ■- - •• 
al V993; Bochner et al.. 1994). L-selectin (also known 
as'Mel-14. lymphocyte homing receptor, or CD62L) was 
initially identified as a homing receptor for P™£*<* 
, ymP h nodes (Gallatin et a... 1 983; Lasky et a. 1989) and 
isconstitutrveryexpressedonmostleukocytesLewnwhn 

et al 1987; Camerini et al.. 1989; Gnffin et al.. 1990). 
P-selectin (also known as GM P-1 40, PADGEM, or CD62P) 
is present both in platelets and in endothelial cells (Larson 
et al 1989; Geng et al., 1990). E-selectin (also known as 
ELAM-1 and CD62E) expression has been found only on 
endothelial cells (Bevilacqua et al., 1989). The three selec- 
tin molecules appear to be specialized for mediating the 
initial interaction of leukocytes with the endothelium under 
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conditions of flow found in the blood stream. Recombinant 
P-selectin and E-selectin can mediate rolling of leukocytes 
on an artificial surface in vitro under shear forces similar 
to those encountered by cells in the circulation (Lawrence 
and Springer, 1991 , 1993). Also, anti-L-selectin antibodies 
or immunoglobulin G (IgG) L-selectin chimeric proteins 
can inhibit the rolling of endogenous leukocytes on rat 
mesenteric venules (Ley et al. ( 1991; Von Andrian et aL, 
1991). In contrast, -the interaction of ICAM-1 with its 
counter receptor, LFA-1, on leukocytes can not mediate 
adhesion under conditions of flow. These observations 
suggest that the selectins mediate the initial interaction 
of leukocytes with endothelial cells and slow the leukocyte 
as a prerequisite to stable adhesion and extravasation 
mediated by integrins. 

A large number of observations support a critical role 
for the selectins in inflammation. Blockade of L-selectin 
function by targeted gene disruption, antibody, or IgG 
L-selectin chimeric proteins partially inhibits neutrophil mi- 
gration at early times but not late times in models of thiogly- 
collate (TG)-induced peritonitis (Jutila et aL, 1989; Watson 
et aL, 1 991 ; Arbones et aL, 1994). P-selectin, which medi- 
ates the adhesion of a number of leukocytes (including 
neutrophils, monocytes, and eosinophils) to the endothe- 
lium, is prestored in Weibel-Palade. bodies of endothelial 
cells, and is rapidly mobilized to the cell surface upon 
induction with a variety of inflammatory mediators, induct 
ing histamine, thrombin, or calcium ionophores (McEver 
et at., 1989). Recent experiments indicate that, in some 
species, P-selectin transcription is also induced by cyto- 
kines and lipopolysaccharide (LPS) (Welter et al., 1992; 
Gotsch et al., 1994). Several experiments have demon- 
strated a role for P-selectin in vivo. Inflammation in the 
lungs of rats induced by cobra venom factor or Ig A immune 
complexes can be inhibited by treatment with antibody to 
P-selectin (Mulligan et al. , 1 991 , 1 992). A role for P-selectin 
in neutrophil migration has. recently been demonstrated 
using P-selectin-deficient mice (Mayadas et aL, 1993). 
Mice deficient in P-selectin expression are viable and have 
no developmental defects, but show a reduced ability of 
neutrophils to migrate into the peritoneum after injection 
with TG. P-selectin-deficient mice have a pronounced de- 
fect in neutrophil accumulation at early times after TG 
injection (2 hr) but appear to have relatively normal rates 
of neutrophil migration into the peritoneum at later times, 
suggesting that an additional molecule(s) can substitute 
for P-selectin function at these times. - 

E-selectin also appears to play some role in leukocyte 
trafficking in a number of inflammatory processes. E-selectin 
gene transcription is normally not detectable in resting 
endothelial cells, but is strongly and rapidly induced by a 
variety of inflammatory mediators, including interieukin-1 
(IL-1 ), tumor necrosis factor, interferon 7,-substance P, and 
LPS (for reviews see Paulson, 1992; Bevilacqua, 1993). 
E-selectin expression is also associated in vivo with a num- 
ber of disease states in humans and in experimentally 
induced disease in animals. In humane, expression has 
been observed in endothelium of inflamed skin in psoria- 
sis, contact dermatitis, and delay ed-type hypersensitivity 
reactions (Cotran et aL, 1986; Picker et al., 1991), arthritic 



joints (Koch et al., 1991), and in heart and renal allografts 
undergoing rejection (Taylor et aL, 1 992; Allen et al., 1 993; 
Brockmeyer et aL, 1993). A variety of studies have shown 
that accumulation of neutrophils in disease models can be 
inhibited by monoclonal antibodies (MAbs) to E-selectin. 
Anti-E-selectin antibodies have been shown to inhibit neu- 
trophil accumulation in models of peritonitis and lung in- 
flammation in the rat (Mulligan et aL, 1991) as well as in 
delayed-type hypersensitivity in the skin and late phase 
airway obstruction of nonhuman primates (Gundef et aL, 
1 991 ; Silber et al., 1 994). However, similar to the observa- 
tions seen with the P-selectin-deflcient mice, blocking of 
E-selectin function often only partially blocks the ability of 
neutrophils to enter sites of inflammation. 

In addition to its role in inflammation, E-selectin function 
has been implicated in a number of other processes. Unac- 
tivated memory T celts can bind cells expressing E-selectin 
and have been suggested to be involved in the recruitment 
of this T cell subset (Shimizu et aL, 1991). E-selectin ex- 
pression has been observed in cutaneous vessels of in- 
flamed skin and unactivated human CLA + T cells and bo- 
vine y5 T cells that home to the skin can bind E-selectin 
(Picker etal., 1991; Walchecketal., 1993), suggesting that 
E-selectin may act as a tissue-specific homing receptor. 
Recently, antibody studies have also suggested a role for 
E-selectin in angiogenesis (Nguyen et al., 1993). 

Mice deficient in E-selectin expression have been devel- 
oped by targeted disruption of the E-selectin gene in em- 
bryonic stem (ES) cells to define the roles of E-selectin 
in leukocyte trafficking and development- The E-selectin 
mutation resulted in no obvious changes in neutrophil traf- 
ficking, suggesting that another molecule may substitute 
for E-selectin. Administration of an antibody to murine 
P-selectin effectively blocked neutrophil immigration in 
two distinct models of inflammation while having no effect 
in wild-type mice. These data demonstrate that neutrophil 
extravasation in these models is selectin dependent, and 
can be mediated by either P- or E-selectin, suggesting 
that the two selectins are functionally redundant. 

Results 

Generation of E-Selectin-Deficient Mice 
To introduce a null mutation into the E-selectin locus, a 
replacement targeting vector was prepared as shown in 
Figure 1. The structure of the murine E-selectin gene has 
been described and is similar in organization to the E-selec- 
tin genes of other species (Becker-Andre et aL, 1993). 
The LEG domain, encoded by a single exon, is absolutely 
required for E-selectin function and encodes the segment 
of the protein that interacts with the carbohydrate- 
containing ligand(s) (Erbe et aL, 1 992). The knockout con- 
struct contains an MC1 -neo gene (Thomas and Capecchi, 
1987) inserted after amino acid 162 within the LEC do- 
main. This insertion disrupts the carbohydrate-binding 
LEC domain. The vector contains approximately 12 kb of 
5' and 3' homology to the E-selectin locus, as well as a 
herpes simplex virus thymidine kinase (tfc) gene for nega- 
tive selection (Mansour et at., 1988). This vector was used 
to transform W9.5 ES cells (Szabo and Mann, 1994) and 
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Figure 1. Disruption of the Murine E-Setectin Gene 
(A) Structure of the murine E-selectin locus, knockout construct, and 
disrupted locus. Exons encoding the signal peptide (SP) lectin domain 
(LEC), EGF domain, CR elements, transmembrane (Tm). and cyto- 
plasmic domains (Cy) are drawn as boxes. The LEC domain is indi- 
cated as a stippled box. The MC1-neo cassette and MC1-* cassette 
are indicated by a hatched box and hatched oval, respectively. The 
locations of Xbal sites are shown by vertical arrows. The location of 
the probe used for genomic screening of ES cells is indicated by the 
double-headed arrow, as are the sizes of Xbal fragments predicted 
for the wild-type and disrupted alleles. 

(B) Identification of mice homozygous for the disrupted E-selectin al- 
lele. Tail DNA from offspring of matings between two chimeric founder 
males derived from ES cell line 4.3.4 and their respective daughters 
were digested with Xbal and analyzed as described in the text. The 
location of bands derived from the wild-type and mutant alleles are 
indicated on the right. Progeny homozygous for the disrupted E-selectin 
gene are indicated by asterisks. 



G418-resistant FIAU-insensitive colonies were isolated. 
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genes can be distinguished by Southern blot analysis of 
Xbal-digested ES cell DNA using a probe derived from 
sequences upstream of those present in the targeting vec- 
tor This probe detects a 5 kb fragment or a 6 kb fragment 
corresponding to the wild-type and mutant alleles, respec- 
tively. Approximately 70% of the isolated ES cell coton.es 
contained the mutated E-selectin allele (data not shown). 
Two of these clones (4.3.4 and 4.5.1 ) were used to produce 
chimeric animals by injection into C57BU6J blastocysts. 
Both clones gave rise to highly chimeric males that trans- 
mitted the mutant allele to their offspring. 

Heterozygous animals from both lines were intercrossed 
to produce homozygous mice. Although comparable re- 
sults were obtained with both lines, only results from ant- 
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Figure 2. Analysis of E-Selectin mRNA by Wild-Type and E-Selectin 
Mutant Animals 

(A) Wild-type (+/+) and E-selectin mutant (-/-) littermates were given 
LPS intranasal as described in the text. RNAs from lungs of mice 
harvested at 0. 2, or 4 hr after LPS administration were analyzed by 
Northern blot as described in the text. The Northern blot was sequen- 
tially hybridized to probes from the murine E-selectin gene, the neo 
resistance gene, or an L32 ribosomal protein gene as indicated. The 
location of the wild-type-sized E-selectin mRNA is indicated by an 
arrow on the left. . . 

(B) RNAtrom kidney (Kd). lung (Lg), and heart (Ht) from mice injected 
with 1 \ig of recombinant human IL-1a were analyzed by RT-PCR as 
described in the text. The location of the primers used for the analysis 
are shown on the bottom relative to their origin in the murine E-selectin 
and P-selectin cDNAs. Only a small region of the 3' untranslated re- 
gions is shown for the cDNAs. The locations of amplicons predicted 
from the wild-type cUNAs are indicated by tuiuw!>. After eivCVophcc 
sis and transfer to nylon membane, the PCR products were hybridized 
to specific LEC-EGF probes. Both autoradiographs represent 30 min 
exposures on Kodak XAR-5 film. The large band present in the samples 
form the wikttype mouse represents amplification of genomic E-selectin 
gene seqeunces from contaminating tissue DNA, 

mals generated with clone 4.3.4 are presented. Southern 
blot analysis, as shown in Figure 1 B, was used to genotype 
offspring from the heterozygous animals. Mice homozy- 
gous for the mutant allele were detected at the expected 
Mendelian frequency. No gross abnormalities were de- 
tected in the organs of the heterozygous or homozygous 
animals. Tne homozygotes were of normal size and weight, 
and both sexes were fulry fertile. 
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To determine that animals homozygous for the E-selectin 
insertion mutation were deficient in E-selectin expression, 
the production of E-selectin mRNA in either the homozy- 
gous animals or wild-type littermates were examined. 
Northern blot experiments were performed using RNA 
from the lungs of mice that were administered LPS intrana- 
sally to induce expression of the endothelial selectins (Fig- 
ure 2A). Both the wild-type and homozygous E-selectin 
(-/-) animals produced E-selectin RNA in response to 
LPS. Although similar amounts of message were observed 
in both the wild-type and mutant mice, only the wild-type 
animals produced an RNA of the size reported for the 
murine E-selectin gene. The homozygotes produced a va- 
riety of alternatively sized messages but no wild-type-sized 
RNA. The structures of the different mRNAs produced by 
the mutant E-selectin gene are not known. However, the 
predominant RNAs were approximately the size predicted 
for an E-selectin RNA containing the neo gene insert. A 
neo probe also hybridized to most, if not all, the alterna- 
tively sized E-selectin RNAs found in the homozygous 
lungs, indicating that the RNAs produced in the homozy- 
gotes contained the neo insert. Both the wild-type and 
homozygous animals produced similar levels of P-selectin 
RNA upon induction with LPS (data not shown). Thus, the 
mutation alters the structure of E-selectin messages that 
are produced but does not effect the efficiency of transcrip- 
tion at the E-selectin locus or expression of the P-selectin 
gene. 

Owing to the complex array of E-selectin RNAs pro- 
duced in the homozygotes, it would be difficult to rule out 
the production of a small amount of functional E-selectin 
RNA by removal of the neo insert by rare undetected splic- 
ing events. To confirm that no mRNAs containing intact 
LEC and EGF coding regions were produced by the 
E-selectin (-/-) mice, RNAs were subjected to polymerase 
chain reaction (PCR) analysis after production of cDNA 
by reverse transcription (RT-PCR). In this experiment, ex- 
pression of the endothelial selectins was examined in a 
variety of tissues 4 hr after injection of recombinant human 
IL-1a. As shown in Figure 2B, RT-PCR analysis detected 
similar levels of normal P-selectin message in both wild- 
type and homozygous mice. E-selectin amplicons of the 
size expected for wild-type E-selectin mRNA were readiry 
detected from all tissues of the wild-type mouse. RT-PCR 
from the homozygotes carried out with E-selectin primers 

i: — *~ tu* i pr and P.RP cndina reaions flank- 

ing the site of the neo insertion failed to detect any tran- 
scripts in which the neo insertion was removed. The only 
PCR products observed from homozygous mice were 
present in very low amounts and were approximately 1 kb 
larger than that predicted for the wild-type E-selectin RNA, 
. apparently derived from an RNA containing the neo insert. 
The small amount of amplified DNA corresponding to the 
E-selectirwjeo fusion transcript may reflect inefficient re- 
verse transcription or PCR amplification of the longer 
RNA. 

E-Selectln-Deficient Mice Produce No Detectable 
E-Selectln Protein 

Hearts from LPS-treated mice were isolated and metabolic 
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Figure 3. Analysis of Ex Vrvo Labeled Adhesion Molecule Synthesis 
in Hearts of Wild-Type and E-Selectin (-/-) Mice 
Proteins from ex vrvo labeled heart tissue from mice injected with LPS 
were immunopreciptated with antibody to either murine E-seleclin (E). 
P- selectin (P), or VCAM-1 (V) as described in the text. The location 
of wild-type-sized E-selectin protein is indicated by an arrow on the 
left and the location of size markers shown on the right. 

cally labeled with [^S] methionine ex vivo. Proteins ex- 
tracted from the labeled hearts were immunoprecipi- 
tated with antibodies to murine E-selectin, P-selectin, and 
VCAM-1 . As shown in Figure 3, all three adhesion proteins 
were detected in wild-type mice but only P-selectin and 
VCAM-1 were detected in the E-selectin (-/-) siblings. 
Similar results were obtained when E-selectin was immu- 
noprecipitated with three independent MAbs, demonstrat- 
ing that the inability to detect E-selectin in this assay was 
not due to loss of a single epitope (data not shown). The 
amounts of P-selectin detected were similar in both knock- 
out and wild-type animals, confirming that expression of 
P-selectin was not affected by the E-selectin mutation. 
Similar amounts of L-selectin were also detected by FACS 
analysis on the surface of the leukocytes of both wild-type 
and E-selectin-deficient animals (data not shown). 

Immunohistochemistry was also used to examine E-selec- 
tin expression in the hearts of LPS-treated wild-type and 
E-selectin {-/-) animals, as shown in Figure 4. E-selectin 
protein could not be detected in the endothelium sur- 
rounding the heart valve of a mouse homozygous for the 
E-selectin mutation, although E-selectin was readily de- 
tected in a similar section from a wild-type mouse. The 
presence of endothelial cells in the section was readily 
established by staining an adjacent section with an anti- 
body to murine PECAM. which is expressed by all continu- 
ous endothelial cells (Muller et al., iy«y; Aibeida ei ai., 
1990). Similar results were also observed in the lungs of 
the same animals (data not shown). These data suggest 
that no detectable E-selectin protein was produced in the 
E-selectin (-/-) mice, although the expression of VCAM-1 
and P-selectin was relatively normal. In summary, E-selectin 
protein and functional E-selectin mRNA were not detected 
in animals homozygous for the mutant E-selectin allele, 
demonstrating that these animals were completely and 
selectively deficient for E-selectin expression. 

Neutrophil Influx Into the Peritoneum Is Dependent 
on the Activity of Either Endothelial Selectin 

To determine whether E-selectin plays a role in neutrophil 
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Figure 5. TG-lnduced Peritonitis Requires Either P-Selectin or 
E-Selectin 

The average numbers of PMNs found in the peritoneum of control 
E-selectin (+/+) (wild-type) and (-/-) mice (KO) are shown after 2 or 
6 hr postinjection with TG. Mice were injected intravenously with sahne 
containing an irrelevant isotype-matched control antibody (closed 
bars) or the anti-m urine P-selectin antibody, 5 H 1 (open bars). The bars 
represent data (mean and SEM) Irom groups of four mice. Statistically 
significant differences (P < 0.05) are indicated with asterisks. 



immigration mediated by inflammatory stimuli, the number 
of neutrophils entering the peritoneum was measured at 
various times after injection with TG. The E-selectin defi- 
ciency by itself had little effect on TG-induced peritonitis. 
No differences in the numbers of peritoneal neutrophils 
present in wild-type or E-selectin-deficient mice were ob- 
served at early times (2 hr) or late times (6 hr) after TG 
injection. These data suggest that in the mouse, either 
E-selectin plays only a small role in neutrophil trafficking, 
or the lack of E-selectin can be compensated for by the 
expression of another molecule. Since endothelial cells 
express two highly related selectin molecules (E- and 
P-selectin) in response to inflammatory mediators, the in- 
flux of neutrophils in the E-selectin-deficient mice may be 
due to the presence of functional P-selectin protein. In this 
regard, it is important to note that neutrophil influx into 
the peritoneum induced by TG after blockade of either 
P-selectin or L-selectin function is impaired primarily at 
earty times after induction with TG. The partial blockade of 
v-u *_~w:~i,:«~ k», inhiKitinn nf P-^Alpptin or L-selectin 
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function may be explained in several ways. One explana- 
tion is that the endothelial selectins are functionally redun- 
dant Alternatively, neutrophil influx might be independent 
of selectin function at later times. 

To test the hypothesis that either P-selectin or E-selectin 
can mediate neutrophil influx at later times in this model, 
the response to TG was determined in wild-type and 
E-selectin (-/-) mice after the inhibition of P-selectin func- 
tion using a MAb, 5H1 , specific for murine P-selectin. The 
results shown in Figure 5 demonstrate that neutrophil in- 
flux at 2 hr after TG induction was P-selectin dependent 
in both groups of mice. Treatment with 5H1 reduced the 
number of neutrophils in the peritoneum by approximately 
85% in wild-type and E-selectirMiefictent mice. The effect 
of 5H1 antibody was very similar to the effect of disruption 
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Figure 6. Blockade of Neutrophil Trafficking Results in an Increase 
in Circulating Neutrophils 

The number of circulating neutrophils from the animals used in Figure 
5 are shown. The data shown are the mean values with SEM. Animals 
were either treated with a control irrelevant antibody (closed bars) 
or the anfrP-selectin MAb, 5H1 (open bars). Statistically significant 
differences (P < 0.05) are indicated by asterisks. 

of the P-selectin gene. The number of neutrophils entering 
the peritoneum was reduced by 6.5-fold in P-selectin- 
deficient mice (Mayadas et al.. 1993) and by 7-fold by the 
anti-P-selectin MAb. These results confirm the observa- 
tion made in P-selectin-deficient mice that early immigra- 
tion of neutrophils is largely dependent on P-selectin. The 
observation that the 5H1 antibody had an equal effect on 
both groups of mice suggested that there was little or no 
contribution by E-selectin at the 2 hr timepoint. 

The results obtained at 6 hr after the induction of perito- 
nitis with TG indicated that either E-selectin or P-selectin 
can mediate neutrophil immigration. In contrast with ex- 
periments carried out at 2 hr after TG injection, 5H1 had 
no effect on the influx of neutrophils in wild-type mice at 
the later timepoint. The same antibody treatment, however, 
reduced the number of peritoneal neutrophils in the E-seiec- 
tin-deficient mice by 85%. The reduction in neutrophil 
counts cannot be due to nonspecific effects of the 5H1 
antibody, since the antibody only affects immigration in 
the E-selectin (-/-) mice. These data demonstrate that 
P-selectin can compensate for the loss of E-selectin in the 
knockout mice at later times in TG-induced peritonitis and 
that E-selectin can compensate for the loss of P-selectin 
in the wild-type mice treated with 5H1 . Furthermore, these 
results have recently been confirmed in studies with wild- 
type mice treated with a combination of anti-E-selectin and 
anti-P-selectin MAbs (K. W. M. et al., unpublished data). 

As the effects of 5H 1 treatment could also be explained 
by a reduction in the number of peripheral neutrophils, 
the number of circulating neutrophils present in the blood 
of the test animals was also determined. Blockade of neu- 
trophil accumulation in the peritoneum, however, was ac- 
companied by a significant increase in the number of pe- 
ripheral neutrophils (Figure 6). At the 2 hr timepoint, when 
P-selectin blockade was sufficient to inhibit neutrophil ac- 
cumulation, 5H1 treatment resulted in a 2-fold increase 
in the concentration of peripheral neutrophils in both 
groups of mice. 5H1 treatment of wild-type mice did not 
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significantly affect circulating levels of neutrophils at the 
6 hrtimepoint. Blockade of P-selectin function with 5H1 in 
the E-selectin-deficient mice, however, resulted in a 2-fold 
increase in peripheral blood neutrophils. These data are 
consistent with a requirement for one of the endothel.al 
selectins in the regulation of neutrophil trafficking in this 
model of acute inflammation. 



Function of Either P-Selectin or E-Selectin Is 
Required for a Contact Hypersensitivity 
Response in the Skin 

The results from the peritonitis model suggested that the 
majority of neutrophil migration were dependent on the 

function of one or the other oi tne twu «> ™« •<=""• - 

To determine whether the dependence on selectin func- 
tion and the redundancy of the two selectins were specific 
for the peritonitis model or was a more general phenome- 
non the roles of E-selectin and P-selectin were exam.ned 
in a model of delayed-type contact hypersensitivity in the 
skin. Mice were sensitized to oxazolone and subsequently 
challenged by application of oxazolone to the ear. Figure 
7 illustrates the resulting swelling observed in wild-type 
and knockout mice as measured by the increase in the 
weight of standard size skin biopsies. The ear swelling in 
response to oxazolone was not statistically different in the 
wild-type and E-selectin (-/-) mice. Treatment of the wild- 
type mice with the anti-P-selectin antibody 5H1 had no 
effect on swelling, while treatment with the same antibody 



reduced swelling by 80% in the E-seiectin-deficient ani- 
mals. Histological analyses of frozen sections of the ear 
biopsies were examined to determine whether the reduc- 
tion in ear swelling was accompanied by a similar reduc- 
tion in the infiltration of leukocytes. As shown in Figure 8. 
the ears of the wild-type and E-selectin-deficient animals 
were similarly edematous and had large numbers of infil- 
trating leukocytes after challenge with oxazalone. Large 
accumulations of neutrophils were also observed in pus- 
tules (Figure 8, shown by arrows) at similar frequencies 
in both groups of animals. No significant differences in 
the histology of the ears of wild-type mice treated with 
either 5H1 or an irrelevant control antibody were observed. 
Treatment of the E-selectin (-/-) animals with 5H1 , how- 
ever dramatically reduced the swelling of the skin and the 
number of infiltrating leukocytes observed in the sections. 
The formation of neutrophil-containing pustules was also 
completely eliminated by by 5H1 treatment of the E-selec- 
tirwleficient mice. In fact, the ears of the (-/-) mice treated 
with 5H1 were almost identical in appearance to those 
animals that had been challenged with oxazolone without 
prior sensitization, suggesting that the swelling observed 
was due to the nonspecific irritant effects of the oxazalone 
(compare Figures 8A and 8E). In addition, antibody treat- 
ment of these animals did not result in a nonspecific reduc- 
tion in circulating neutrophils (data not shown). These data 
again demonstrated that infiltration of neutrophils requires 
the function of an endothelial selectin, which can be sup- 
plied by either E-selectin or P-selectin. These data have 
also been confirmed using a combination of antibody to 
murine E-selectin and P-selectin in wild-type mice (P. C. 
W et al unpublished data). These results demonstrate 
that the edema and cellular infiltration observed in this 
model of skin inflammation was dependent on the endo- 
thelial selectins. 

Discussion 

This report describes the characterization of E-selectin- 
deficient mice. Mice lacking a functional E-select.n gene 
were viable, fertile, and of normal size, indicating that the 
E-selectin gene was not required for normal development. 
Although a recent study reported that antibody to bovine 
E-selectin prevented capillary formation by endothelial 
cells in culture, no detects in vascularization were ob- 
<*rv«i in the E-selectirwJeficient animals (data not shown). 
Potential effects of the E-selectin mutation on neovascu- 
larization in adult mice are currently being examined. The 
lack of developmental alterations in the E-select.n-deft- 
cient mice is consistent with the observation that E-selec- 
tin is only expressed in endothelial cells upon activation 
by inflammatory mediators. However, as demonstrated m 
this paper, a role for the selectins in development canno 
yet be ruled out, owing to an overlapping of function of 
the endothelial selectins for leukocyte trafficking. Demon- 
stration of a role for the selectins in vascularization or in 
other aspects of development may require the simultane- 
ous inactrvatton of the P-selectin and E-selectin genes^ 
Numerous previous studies have suggested a role for 
the selectins in neutrophil trafficking. These studies uti- 
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lized MAbs, immunoglobulin chimeric proteins, or targeted 
gene disruption to block the activity of single selectin gene 
products. Such studies, however, often reported only par- 
tial inhibition of neutrophil migration or inflammation. The 
data presented in this paper demonstrate that E-selectin 
can act as a major mediator of inflammation. E-selectin 
was able to mediate the trafficking of neutrophils at late 
times in TG-induced peritonitis. This is shown clearly by 
the inability of the anthP-selectin antibody, 5H1 ( to block 
neutrophil influx in wild-type mice 6 hr after TG injection, 



while the same antibody treatment effectively blocked in- 
flux in the E-selectin-deficient mice. This result cannot be 
due to an incomplete block of P-selectin function by 5H1 . 
since the antibody treatment appeared to block the accu- 
mulation of neutrophils 2 hr after injection of TG as effec- 
tively as disruption of the P-selectin gene in P-selectin 
knockout mice (Mayadas et al., 1993). Similar results have 
recently been obtained in nontransgenic animals using 
antibody to both murine E-selectin and P-selectin (unpub- 
lished data). The results presented in this paper also dem- 
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onstrate that P-selectin can med.ate neutrophil influx at 
later times in the model of peritonitis, as demonstrated by 
the ability of 5H1 to block neutrophil influx in the absence 
of E-selectin in the knockout mice. Thus, these results 
demonstrate that either P-selectin or E-selectin can med.- 
ate the influx of neutrophils and suggest that the two mole- 
cules are redundant or highly overlapping in function. 

Our data are consistent with the results from previous 
studies that suggest that neutrophil influx at early times 
in TG-induced peritonitis is P-selectin dependent. The de- 
pendence on P-selectin function at 2 hr after TG inject™ 
is likely because P-selectin is the predominant select.n 
present on the surface of endothelial cells at that time. 
P-selectin is stored in Weibel-Palade bodies and is rapidly 
transported to the surface of activated endothelial cells, 
while E-selectin is synthesized de novo. Because munne 
P-selectin is also transcriptionally activated by cytokines 
and LPS endothelial cells are likely to express high levels 
of both selectins at late times after induction with TG. Al- 
though our data demonstrate that both E-selectin and 
p-selectin can mediate neutrophil migration in the same 
model inflammatory responses, it is not known whether, 
or how often, the two molecules are coexpressed in other 
species It should be noted that blockade of E-select.n 
function alone, using anti-E-selectin antibody, has been 
reported to efficiently block some model inflammatory re- 
sponses in other species (Mulligan et al.. 1991)- A likely 
interpretation of these observations, in consideration of 
the data presented here, is that E-selectin expression .s 
induced in the absence of P-selectin in such settings. 

An overlapping of function of the endothelial selectins 
was also demonstrated in a model of skin inflammation. 
The data obtained using oxazolone-induced delayed-type 
hypersensitivity were comparable to those observed at 
late times in TG-induced peritonitis. Neither swelling nor 
neutrophil accumulation was affected by either the E-selec- 
tin mutation in the knockout mice or by the P-selectin anti- 
body in wild-type mice. However, both swelling and cellular 
accumulation were greatly reduced by 5H1 treatment of 
the E-selectin (-/-) animals. These data again demon- 
strate that the inflammatory process can be mediated by 
either endothelialselectin.Thecellularinfiltratesobserved 

in the ears after the delayed-type hypersensitivity re- 
sponse contained monocytes and lymphocytes as well as 
neutrophils. The dramatic reduction in the numbers of all 
infiltrating cells after blocking both selectins suggests that 
the selectins may Derequiieu.u^ ««,«»..„..-..■- 
ety of cell types, although the effect of selectin blockade 
on some of these cell types may be indirect. The eff ect 
of selectin blockade on trafficking of different leukocyte 
populations during both acute and chronic inflammatory 
reactions is currently under investigation. 

Several alternative explanations might also explain the 
data presented in this paper. One alternative explanation 
to the observation that 5H1 blocks neutrophil aa*mula- 
tion in the E-selectin-deficient animals might be antibody- 
induced neutropenia. This seems unlikely, since 5H1 had 
no effect in wild-type mice in the delayed-type hypersensi- 
tivity model or at later times in the model of peritonitis. 
It is possible, although unlikely, that this antibody had a 



specific neutropenic effect in the E-selectin (-/-) mice. 
However measurement of circulating neutrophils in all 
mice examined in these models demonstrated that admin- 
istration of 5H1 caused a large increase in the number of 
circulating neutrophils (Figure 6; data not shown). Thus, 
the reduction of cellular infiltration in the (-/-) mice caused 
by 5H1 was not due to a reduction in the number ol circulat- 
ing neutrophils. A final explanation might be that the re- 
sults are peculiar to the strain of mice used in these experi- 
ments or are peculiar to the ES celMJerived mice. This 
is unlikely, as the results of recent experiments indicate 
that neutrophil accumulation can be efficiently blocked 
during peritonitis and delayed-type hypersensitivity using 
a combination of blocking MAbs against murine E-selectin 
and P-selectin in nontransgenic mice of other strains (un- 
published data). Thus, the overlapping function of the two 
endothelial selectins appears to be a general phenomena 
at least for all the mouse strains currently examined and 
is not dependent on ES cell-derived animals. 

In conclusion, we have demonstrated that the majority 
of neutrophil influx in two distinct models of acute inflam- 
mation required the expression of endothelial selectins. 
In either model, the majority of neutrophil accumulation 
was inhibited by blocking the function of the endothelial 
selectins These observations are consistent with muttistep 
models of leukocyte trafficking in whichthe initial interac- 
tion with and rolling of leukocytes on the endothelium are 
mediated by selectins. It is important to note that a small 
amount of neutrophil accumulation occurred (15% of wild 
type) even when the function of both endothelial selectins 
was blocked. It is possible that this low level of neutrophil 
migration is independent of selectins. Alternatively, the 
residual neutrophil migration may be mediated by L-select.n 
expressed on the surface of mouse neutrophils. These 
two mechanisms are now being tested by utilizing blocking 
L-selectin MAbs in the E-selectin-deficient mice. 

The ability of both endothelial selectins to mediate neu- 
trophil accumulation in two distinct models of inflammation 
suggests that the overlapping function of E-select.n and 
P-selectin is not peculiar to a single model of inflammation 
but is a general phenomenon. If this is true, then the de- 
gree of leukocyte accumulation in a given disease setting 
may depend on the overall concentration of selectin mol- 
ecules on endothelial cells, rather than expression of a 
single selectin. This notion is particularly relevant to the 
recent efforts to develop selectin-antagonist-based anti- 
inflammatory drugs. The results presented in this paper 
suggests that the most clinically effective seieciin amay- 
onists may be those that are active against multiple se- 
lectins. 



Experimental Procedures 
Construction of the Targeting Vector 

MurinetsolecUn genomic clones were isolated trom X Kbranes de- 
"rtrom either 129SV DMA (S,ratagene. .r^rale^, o, BAUVc 
S£ (Oonetec. Incorporated), inserts were 

standard procedures. A 1.8 W, Sad (ragmen, from pBS/SV153 
en^Sng the LEC domain was subdued into pBSASma-2 yield- 

^cV^opA (Stratagene. Incorporated) was then cloned Into Aval- 
dS«rte7pBSASrna-Sac. flashing of all ends with Klenow fragment 
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of DNA polymerase I (New England Biolabs. Incorporated), creat.ng 
DBS/KO-/V. The Sad fragment Irom pBS/KOA was then subcloned 
into the Kpnl site of pNEB/Notl. creating pNEB/LecNeo-9. The .nsert 
from pNEB/LecNeo-9 was removed with AscI and Xbal and .nserted 
into similarly digested pNEB/Notl, creating pKbAsc-1 A 5.3 kb Xba- 
Salt fragment of E-selectin genomic sequence was then .nserted into 
Xbal-SalWigested pKbAsc-1. creating pmk3-1. A 1 kb Hind Hl-Sad 
fragment of 5' E-selectin genomic sequences from P M7H5 (der.ved 
from BALB/c DNA) was inserted into the AscI site of pmk3-1 after 
blunting of the fragment overhangs creating P BSV-2. Finally, a * cas- 
sette was created by insertion of a BstBI-Sall fragment from P 14322 
(HSV-*) containing the * coding region into BstBl-SalWigested 
pMC1-neopA'. creating pMCl-t*. An Xhol-Sall tk cassette from 
PMC1-* was then inserted into the Pmel site of pBSV-2 after fill- 
ing in the fragment overhangs, creating the final targeting vector. 
pBSVTK-10. 

Identification of Targeted ES Cell Clones 
and Production of Mice 

The ES cell line W9.5 was propagated on primary embryonic feeder 
cells as previously described (Abbondanzo et al.. 1 993) in media i con- 
taining leukemia inhibitory factor and 15% fetal calf serum (GIBCO 
BRL incorpwated).Fee<lercellsweremitoticallyinactivatedbyirradia- 
tion 'of the ES cells from an 80% confluent 225 cm 1 flask, one third 
were transformed by electroporation with 25 ug of pBSVTK-10 that 
had been linearized with Not!. Electroporation and selection of G418- 
and FlAU-resistant ES cell colonies was as previously described (Stew- 
art et al 1992). Individual colonies were isolated 7-10 days after 
electroporation. ES cell cultures in 48-well dishes were grown to conftu- 
ency and then split. Of the ES cells, two thirds were used to produce 
DNA for analysis and the remaining cells frozen for later use. ES cell 
and tail DNAs were prepared as previously described (Laird et al.. 
1991) 

DNA was digested with Xbal. fractionated by agarose gel electro- 
phoresis and transferred to nylon membranes using a Hoeffer elec- 
iroblot apparatus. Membranes were hybridized with a PCfVgenerated 
E-selectin probe. The probe consists of unique E-selectin sequences 
(data not shown) just upstream from the most 5' sequences present 
in the targeting vector. E-selectin probe was produced using a Prime-it 
kit as described by the manufacturer (Stratagene. Incorporated). 

ES cell clones containing a targeted E-selectin allele were then 
karyotyped. Twoclones, 4.3.4 and 4.5.1 . containing a 40 XY karyotype, 
were used to produce chimeric mice by injection of the clones into 
C57BL76J blastocysts and implanted into the uterine horns of pseudo- 
pregnant C57BU6 x CBA/J F1 females. Chimeric males were bred to 
C57BU6J females. Progeny containing the mutant E-select.n allele 
were intercrossed. Both lines yielded homozygous E-select.n (-;-) 
pups at an approximately 25% frequency. T*e results presented are 
from mice of mixed 129sV and C57BL/6J backgrounds. Only data for 
the 4 3.4-derived mice are shown, but similar results were also ob- 
tained for the 4.5. 1 line. For many experiments, homozygous wild-type 
and E-selectirvdeficient siblings produced from heterozygous inter- 
crosses were bred individually to generate the large numbers of ani- 
mals needed for. these experiments. 

RNA Analysis 

._ . * i ..cinn RNA70LB as de- 

HNAS were ptw>**' WJ " 

scribed by the manufacturer (Biotex Laboratories. Incorporated). Of 
total RNA 10 ug was used to produce first-strand cDNA using Super* 
script RT according to the instructions of the manufacturer (GIBCO 
BRL, Incorporated). A portion of the cDNA was then used for PCR 
analysis PCR primers for murine E-selectin were directed to the LEC 
domain (T AGATTCTGAAGCTCCAACTCGCCT) and to the CR2 do- 
main (GTTTGCCTTCCCCTCTGACTC). resulting in a 700 bp ampltcon 
for the wikRype E-selectin mRNA PCR primers for murine P-select.n 
amplify a 580 bp segment using primers from the signal sequence 
(GACTCCAGGATCCCAAAAGGTT-CCTGGACGCC AAGACTC) and a 
primer derived from the EGF domain (TGAGATGGT CG ACGCGT ATT- 
CACACTCTG<5CCCATAGAAGCC). PCR reactions were carried out 
using Taq polymerase according to the instructions of the manufac- 
turer (Boehrlnger-Mannheim Biochemical, Incorporated). PCR prod- 
ucts were fractionated on a 1% agarose gel. transferred to a nylon 
membrane, and hybridized to either murine E-selectin or P-selectin 



probes as described above. All filters were washed for several hours 
at 65°C in 0.2 x SSC before exposure to Kodak XAR-5 film. 

Antibody Production 

Rat MAbto murine E-selectin (9A9.E3) was recently described (Norton 
et al.. 1 992). A similar strategy was utilized to generate MAbs to murine 
P-selectin and the details will be described elsewhere (C. R- N. et al.. 
unpublished data). In brief, sequences encoding the murine P-selectin 
LEC and EGF domains were amplified by PCR and fused to sequences 
encoding the first two CR domains of human E-selectin. Recombinant 
fusion protein (MuHu P-selectin) was affinity purified from transfected 
COS cell supernatants using an anti-human E-selectin (antl-CRI-2) 
MAb 9A1 sepharose column. The isolated protein was used for immuni- 
zation of rats and production of MAbs. Anti-murine P-seiectm antibod- 
ies 5H1 and 10A10 recognize native P-selectin induced by tumor ne- 
crosis factor on murine eEnd.2 endothelial cells and 5H1 blocks the 
adhesion of HL60 cells and bone marrow-derived neutrophils to re- 
combinant murine P-selectin. MAb 5H1 does not crossreact to either 
murine E-selectin or L-selectin. 

Immunopreclpltatlon of Ex Vivo Labeled Protein 
Five wild-type and five E-selectin (-/-) mice were injected .ntraper.to- 
neally with phosphate-buffered saline (PBS) containing 100 ug of LPS 
(Sigma, Incorporated). Mice were sacrificed and hearts removed 3 hr 
after LPS injection, pooled, minced, and placed in 2 mL of labeling 
media (cysteine-free DMEM IGIBCO BRL. Incorporated]. 10% d.a- 
lyzed fetal calf serum) containing 2.5 mCi rSJcysteine (Amersham. 
incorporated). Tissues were then incubated for 3 hr at 37'C. pelleted, 
and washed once with PBS. Extracts were made by homogemz.ng 
the tissue in CHAPS lysis buffer (50 mM Tris-HCI {pH 8.01. 0.3 M 
NaCI 10 mM CHAPS, 1 mM PMSF. 10 mM iodoacetamide). Lysates 
weredearedbycent^ugationatlO.OOO x g for 30 min at 4*C. Super- 
natants were divided equally into three samples and immunoprecip- 
tated with either MAb 10A10.C1 (rat anti-murine P-selectin). 9A9.E3 
(rat anti-murine E-selectin). or MK/2.7(rat anti-murine VCAM-1 ; M.yake 
et al 1991). Samples were incubated at 4»C for 1-2 hr. Goat anti-rat 
IgG agarose beads were used to precipitate any com pi ex ed proteins. 
Bound proteins were eluted from the agarose beads by incubation for 
15 min in 50 pi of 0.1 M glycine (pH 2.8). 0.15 M NaCI. Finally, samples 
were analyzed by gel electrophoresis (Laemmli. 1970) using a 5%- 
15% gradient gel. Gels were treated with Amplify (Amersham. Incorpo- 
rated) prior to autoradiography. 

Immunohistochemlstry 

Four hours after an intraperitoneal injection of 1 mL of stenle saline 
containing 100 ug LPS (from Escherichia coli serotype 055:B5. Sigma 
Chemical Company. St. Louis. Missouri), three knockout and three 
wild-type mice (7- to 8-week-oW males) were sacrificed via a lethal 
injection (0.2 mL, intraperitoneal^) of Euthanasia 5 Solution (Henry 
Schein. Incorporated). They were then exsanguinated by aort.c trarv 
section. Sections of the heart were embedded in OCT in cryomolds 
and snap frozen. Cryostat sections (6-7 mm) were prepared, air dried 
onto silanencoated slides (Cel-Tek, Incorporated, Glenview. Illinois), 
fixed in cold (4°C) acetone for 5 min, and air dried again. All subse- 
quent steps were carried out at room temperature. Cryosections were 
rehydrated in PBS for 15 min prior to a 30 min incubatton in 1% Hj0 2 
in methanol to block endogenous peroxidase. The slides were loaded 
onto an automated immunostainer (caoenza. Si w.niu, < Sc.er,ii!;c, L:^ 
ited Runcorn. United Kingdom) for the remainder of the immunosta.n- 
ing procedure. The sections were allowed to react with 10% normal 
rabbit serum in PBS for 30 min followed by 15 min each in avid.n and 
biotin blocking solutions (Vector Laboratories). Anti-murine E-selectin 
antibody. 9A9, or an anti-murine PECAM antibody (provided by S. 
Albelda) was used for primary staining. An irrelevant isotype-matched 
rat MAb was used as a negative control at the same concentration 
(data not shown). Sections were incubated with MAb 9A9 or the irrele- 
vant control for 2 hr followed by a 30 min incubation with bwt.nylated 
rabbit antt-rat IgG (Vector Laboratories) using 50 uL of the secc^dary 
antibody diluted in 10 mL of PBS containing 150 uL of normal rabbrt 
serum. The slides were then incubated tor 30 min in an avkJin^wt.n- 
peroxidase conjugate as suggested by the rr»anuf acturerjABC B.te 
Krt Vector Laboratories). Antibody binding was visual. zed with 3,3'- 
diaminobenzkJine tetrahydrc^htoride (ISOPAC. Sigma Chem*al Com- 
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« i H O in 50 mL of distilled water, and 
stained with hematoxylin- 

PeHphera. White^^^HCo-;^^ ^ ^.^^.^ 
Mice were Wed from the retro* ^ ^ 

tub es while under CO, ™£ Scuomcs, Incorporated) 

TG-lndiiced Peritonitis Assay . . , • traDeritonea lly with 0.5-1 

mlof3%TG.Mtceweresacrni^ j exudates were 

w i,n CO, either 2 or e|'*'"^^ ^ ^ion con- 
nected by lavage wrth 4 ml _°< were ^ermir^d with 
taining 10% fetal calf serum. Total cell ™™ performed 
a Coulter cel. counter. ™^™**™£ZZ tnZ of 200 cells 
on Wright's-stained were determined 

of neutrophils. 

DCayed-Type Contact HW*™"^^ age . Each gt0 up 
Sex-matched animals *« p"^ rBS werJbased on those 

repre^ntstheresuKsfrom^ 

anesthetized^ ^^TzA Animals were 
oxazotone in 10 & of 97% a ^ s(erile ^ 

injected intravenous* trth 100 ij- ^ ^Ab or 200 (ig of 

containing either 200 ^ 8G9 M days later. 

an irrelevant we re chaltenged by treat- 

After each '"^^ ^^e^ ^application of 5 i»L of vehicle 
ment of ears wrth hAjra.ne l^Wweo oy^, q) me 

containing 100 * o^xazo^ ££££5 the ^ cse o. 

treated ears. As a control, Uw « omer e animate were 

vehicle without o^~' rP^n^e Munde^. «nob) 
anesthetized with Metolane £ ° mm) were obtained 

sacrificed by cervical *^^^^SS^ >° *• "•»-* 
tf0 m vehide ^Ung a'dmerences between 
0.1 mg. The results ^ololone-treated ears. Ear 

,ne vehide alone and £^J^,n. sectioned, and stained 

for use in ,mmunohistochem»stry. 
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